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SYNOPSIS 
 

Preamble 

The ever increasing demand for energy world over and particularly in developing 

countries like India has resulted in exploring and harnessing various sources of 

energy [1].  Nuclear energy is an attractive option, among all the sources, as it is 

environmentally benign and practically inexhaustible [2].  While considering the 

nuclear fuel cycle, reprocessing of spent nuclear fuel is an important step as it 

retrieves the unused as well as freshly generated fissile material for recycling.  India 

has judiciously adopted a three stage nuclear power program following closed fuel 

cycle to generate huge electricity.  This could be possible by deploying the 

abundant Thorium reserve of our country at the third stage of its nuclear power 

program in securing our long term energy security.  The first stage involves setting 

up of Pressurised Heavy Water Reactors (PHWRs) driven by natural UO2 fuel and 

the second stage involves the setting up of Fast Breeder Reactors (FBRs) 

employing Pu obtained by reprocessing the spent fuel from the PHWRs.  

Reprocessing of spent nuclear fuel adopts the PUREX (Plutonium Uranium 

EXtraction) process which involves chopping of fuel rods/pins into small pieces, 

dissolution in nitric acid, solvent extraction using TBP (Tri-n-butyl phosphate)-

diluent medium and separation of U and Pu by further extraction and striping.  It is 

during dissolution that the spent fuel is brought into a suitable physical and 

chemical form amenable for further unit operations.  The kinetics of dissolution of 

the spent fuel is a necessary input data for the design of dissolvers and route for 

batch and continuous dissolution.  Hence the present work intended to study and 

establish the dissolution kinetics of typical nuclear fuel materials including UO2, 

simulated UO2 based mixed oxide (MOX) and UO2-PuO2 MOX fuel in nitric acid 

medium relevant to PUREX process. 

To study the dissolution behaviour of a simulated MOX fuel, CeO2 was used as the 

non-radioactive surrogate for PuO2 [3].  The experimental, analytical and 

mathematical modeling procedures employed initially in understanding the 

dissolution of UO2 fuel system in nitric acid was subsequently extended for 

evaluating the dissolution kinetics of UO2-CeO2 and UO2-PuO2 MOX fuel systems 
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in nitric acid under typical PUREX (Plutonium Uranium EXtraction) process 

conditions. 

Objectives and scope of the thesis 

The main goal of this thesis is to develop a chemical model (combination of mass 

transfer and chemical reaction) for the dissolution of UO2, UO2-CeO2 and UO2-

PuO2 nuclear fuels in nitric acid medium.  This model will allow to compute the 

overall rate of the reaction in terms of concentrations of participating species etc., 

temperature and particle characteristics (size and shape distribution, contact area, 

etc.) of fuels based on model-based analysis of experimental data.  Thus main 

objectives are (i) investigation of dissolution kinetics of UO2, simulated UO2-CeO2 

and UO2-PuO2 MOX fuels in nitric acid, and (ii) development of a detailed 

dissolution model equation to understand the kinetics of dissolution. 

Methodology of the study 

Initial experiments were carried out to study the effect of mixing intensity on the 

dissolution kinetics of various fuel systems.  Under saturated conditions of mixing, 

the effect of diffusion on the overall reaction kinetics is at its barest minimum and 

the kinetics to be determined under these conditions will be intrinsic in nature.  The 

mass transfer coefficient was estimated under such conditions.  This coupled with 

mechanism of the reaction was made use in evaluating the overall reaction kinetics.  

This methodology was systematically followed for UO2 fuel followed UO2-CeO2 

and then UO2-PuO2 dissolution studies. 

Organization of the thesis 

The thesis is organized into seven technical chapters followed by the conclusion 

and the references at the end.  The first three chapters provide the background of 

this thesis with general & specific introduction and the detailed literature survey.  

Chapter 4 comprises the experimental part of the thesis.  The results of the 

dissolution studies and the evaluation of the dissolution kinetics of UO2 fuel, UO2-

CeO2 simulated MOX fuel and UO2-PuO2 fuel in nitric acid respectively forms the 

fifth and sixth chapters.  The overall rate expression for the dissolution of MOX 

fuel in nitric acid is given in the seventh chapter. 
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Chapter 1 - Introduction 

The growing population all over the world has led to an increasing demand for the 

available natural resources in meeting the world’s growing energy requirements [4].  

This coupled with the advantages and the uniqueness of nuclear power over other 

modes of power generation [5], and the huge Th reserve in the country are the 

strong reasons behind the choice of nuclear route as one of the option for securing 

the long-term energy requirement of the country.  Initially UO2 was used 

extensively as the driver nuclear fuel for the thermal reactors.  Subsequently with 

the generation of Pu239 in these reactors, MOX fuel became the prominent driver 

fuel for FBRs due to its favorable neutronic properties in the fast neutron spectrum 

[6].  Hence the study of U and Pu based nuclear fuel materials and their behaviour 

in the nuclear fuel cycle operations are important and have evolved over the years. 

Chapter 2 – Spent nuclear fuel reprocessing 

Primarily there are two ways of managing the spent nuclear fuel namely open fuel 

cycle and closed fuel cycle options.  Reprocessing offers many advantages like 

extraction of more energy from the given fuel, conservation of natural resources, 

better management of nuclear wastes, minimization of environmental impact, 

strengthening the fuel cycle economics and its sustainability, better proliferation 

resistance and so on.  Chemically the spent nuclear fuel practically comprises of 

almost all the elements in the periodic table baring the lower atomic number 

elements below Iron.  Though the typical chemical composition of the spent fuel 

varies depending on the type of reactor from which it is discharged and its burnup, 

the overall composition remains more or less the same.  The choice of method for 

reprocessing the spent fuel depends on its chemical nature [7].  This thesis, as it 

deals with dissolution of oxide fuel in nitric acid medium, considers only the 

PUREX process.  This chapter also explains the basic chemistry involved in the 

reprocessing of spent MOX fuel by PUREX process stepwise [8]. 

Chapter 3 – Literature survey 

This chapter consolidates the information prevailing in the open literature on 

dissolution behaviour of urania and its mixtures with other actinide oxides in 

various acid media.  As the current topic is more relevant to MOX dissolution in 

nitric acid, more emphasis is given for urania and (U, Pu) MOX fuel dissolution.  
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Many previous works have reported the effect of various parameters like acidity, 

temperature, mixing intensity, presence of U(VI) etc on the dissolution kinetics of 

UO2 in nitric acid [9, 10].  Some of the work also attempted to understand the 

reaction mechanism and dissolution kinetics [11-14].  But none could address the 

dissolution behaviour of UO2 under typical PUREX plant conditions till date.  For 

the dissolution of Pu rich MOX fuel which is relatively difficult there are only 

limited information available in the literature [9, 15].  It was with this background 

that the current research work was initiated with an aim to evaluate the dissolution 

kinetics of Pu rich MOX fuel which is the typical driver fuel for FBRs whose 

results would pave way for designing a continuous dissolution process system.  To 

achieve this, it was decided to first study the dissolution behaviour of UO2 in nitric 

acid systematically followed by similar studies with a simulated MOX fuel using 

CeO2 as the non-radioactive surrogate for PuO2.  Minimum and necessary 

experiments will be carried out with the UO2-PuO2 fuel pellets to evaluate its 

intrinsic kinetics. 

Chapter 4 - Experimental 

Sintered UO2 pellets were obtained from NFC, Hyderabad and its dissolution 

studies were carried out to evaluate its kinetics.  Typical PUREX process conditions 

were chosen for the studies like 80°C, 8M starting nitric acid etc.  The dissolution 

experiments were carried out in a cylindrical glass vessel with all necessary 

provisions to measure and control temperature and mixing rate.  The off-gas was 

passed through a reflux condenser and scrubbed in sodium hydroxide and DM 

water bubblers to completely trap and analyze the composition of the NOX gases 

evolved during the dissolution.  The parameters estimated during the course of 

dissolution like free acidity, uranium, plutonium, nitrous acid, cerium, composition 

of NOX in the off-gas etc were analyzed by standard procedures like titrimetry, 

spectrophotometry, radiometry and ion chromatography.  The surface area of the 

pellets during the course of dissolution was measured by adsorption method. 

Chapter 5 - Dissolution kinetics of UO2 pellets in nitric acid 

The dissolution rate of sintered UO2 pellets in nitric acid was found to be 

proportional to the initial nitric acid concentration and temperature [16].  Shrinking 

core model was invoked to evaluate the rate parameters of the dissolution reaction.  
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The apparent activation energy for the reaction was estimated to be 85kJ/mol and 

97.5kJ/mol respectively with 8.05M and 10.28M starting nitric acid concentrations 

and the pseudo first order rate constant was estimated in the temperature range of 

60-90°C with different starting nitric acid concentrations.  It was found that the 

reaction rate was inversely related to the mixing intensity [17].  Under the 

experimental conditions, the reaction rate gradually decreased from unstirred to 

about 600 rpm of stirring rate. Further increase in mixing doesn’t change the 

reaction rate practically.  Hence it was concluded that the diffusion control of the 

reaction was at its barest minimum from 600 rpm and upwards of mixing intensity 

under the conditions of the experiments.  Also the plot of [U] / percentage dissolved 

against time gave a sigmoidal distribution indicating an autocatalytic behaviour.  It 

was found that nitrous acid produced insitu during the course of dissolution at the 

pellet-solution interface, plays an autocatalytic role in the oxidative dissolution of 

UO2 in nitric acid.  The role of nitrous acid on the dissolution was further 

established in the presence of hydrazine in which case the dissolution rate was very 

low [18].  The change in surface area of the pellet during the course of dissolution 

was determined as it would be required for evaluating the reaction rate.  The 

composition of the NOX (NO & NO2) gas evolved during the course of dissolution 

was measured by ion chromatography.  Based on the concentration profiles of 

uranium, nitric acid, nitrous acid and the NOX gases, the mechanism of the 

dissolution process was determined under typical PUREX process conditions. 

For UO2 dissolution in nitric acid, as the mass transfer effect was found to be at 

minimum starting from the mixing intensity of 600 rpm and upwards, it was 

decided to carry out the data analysis of the results to evaluate the kinetics only at 

600 rpm.  The same was also followed during the data analysis of the dissolution 

behaviour of simulated and the actual MOX fuel in nitric acid. 

Primarily three different methods were used and compared for the modelling and 

determination of kinetic parameters of UO2 dissolution reaction in nitric acid.  The 

first method was based on penetration theory [19].  In this method the entire 

reaction was split into two processes, namely penetration and the chemical reaction.  

Model equations based on the weight of the pellet dissolved, exposed to acid and 

unexposed were developed to predict the concentration profiles of the experiment.  
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The model was found to predict the experimental data reasonably well.  The values 

of rate constant for the penetration and chemical reaction process were estimated 

for different conditions of temperature and stirring speed.  The apparent activation 

energy estimated in the experimental temperature range was found to be 72kJ/mol 

and 44.3kJ/mol for the penetration and chemical reaction processes at 600 rpm.  

These values indicate that the reaction is chemical reaction controlled under these 

conditions. 

The second method for modelling dissolution reaction was based on the correlation 

of the surface area to the conversion rate.  But since the method of surface area 

measurement has a sizeable amount of uncertainty in it, this method wasn’t found 

to be very accurate and hence it wasn’t perused further.  The method was then 

modified to use the surface area measured for the dissolving pellet under static 

condition, in this case using nitrogen physisorption.  The total surface area of the 

pellet, including the open pores, is assumed to react with the nitric acid as a whole 

in this method.  The model equation was developed using the measured surface area, 

concentration of nitric acid and that of uranium in the solid.  A rate equation was 

derived which seemed to predict the concentration profiles of uranium in solid and 

nitric acid reasonably well.  Rate was measured at various temperatures. 

The surface nature of a dissolving solid in liquid will exhibit a non-ideal behaviour 

in reality.  Hence a third method was developed for modelling the dissolution 

reaction which introduces a new parameter called the shape factor [20, 21].  The 

method invokes the shrinking core theory and uses a generalized Thiele modulus to 

predict the concentration profiles.  It calculates and uses Sherwood, Reynolds and 

Schmidt numbers for the prediction.  The concentration profiles of nitric acid and 

uranium predicted by the model was found to be fitting satisfactorily.  The 

activation energy estimated for the overall reaction in the temperate range of 343-

363K was 41.6kJ/mol which again confirms that the dissolution of UO2 in nitric 

acid is chemical reaction controlled. 

Chapter 6 - Dissolution studies of UO2-CeO2 MOX pellets in nitric acid 

This chapter deals with the fabrication and the results of the dissolution 

experiments on the simulated (U, Ce) MOX pellets in nitric acid.  The pellets were 

fabricated using standard established procedures.  The results indicate the increase 
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in dissolution rates under similar conditions when the pellets are more 

homogeneous with respect to its chemical composition.  The results also indicate 

the reduction in dissolution rate as more CeO2 is added to the pellet.  Mixing 

intensity was found to have an inverse effect on the dissolution rate of UO2-CeO2 

pellets and only minor positive effect on plain Ceria pellets under similar 

experimental conditions.  This proves that both urania and ceria doesn’t follow the 

same mechanism during their dissolution in nitric acid.  Similar results were 

observed during the dissolution of UO2-PuO2 pellets in nitric acid. 

Chapter 7 – Dissolution kinetics of UO2-PuO2 MOX pellets in nitric acid 

The results of the dissolution experiments were analyzed for the determination of 

the kinetic parameters like rate constant and apparent activation energy for all the 

type of fuel employed in this work.  The effect of various parameters like acidity, 

temperature, mixing intensity and presence of other species on the dissolution rate 

of all the fuel used in this research studies have been established.  The results 

clearly indicate that the dissolution is chemical reaction controlled and there is a lot 

of scope in the design of the continuous dissolution system for increasing the 

throughput of the dissolution process in a nuclear fuel reprocessing facility. 

 

Conclusion and scope for future work 

The chemical aspects of the dissolution of a typical fast reactor nuclear fuel was 

studied systematically starting with UO2 fuel pellets.  The gradual understanding of 

the dissolution behaviour of PuO2 based fuels was gained by first studying UO2-

CeO2 fuel where Ce is employed as a non-radioactive surrogate of Pu.  Finally few 

experiments were carried out with UO2-PuO2 fuel system under typical PUREX 

process conditions which paved way for understanding the dissolution chemistry of 

this fuel.  The data generated through this research studies would be useful for 

designing a continuous dissolution system for FBR spent fuel reprocessing. 

The methods employed in the present research will be further extended in studying 

the dissolution behaviour of various other nuclear fuel systems in a similar way.  In 

the future, dissolution studies of spent nuclear fuel in appropriately shielded 

systems could also be taken up to provide a real assessment of the rate equations 

proposed in the present thesis work. 

xxxii 
 



References 

1. Frank Niele, “Energy – Engine of Evolution”, First edition, Shell Global 

Solutions, 2005 Elsevier Publications,  

2. Raymond L Murray, Keith E Holber, “Nuclear Energy – An introduction to 

the concepts, systems and applications of nuclear processes”, 7th Edition, 

Elsevier 2015 

3. Han Soo Kim et al., “Applicability of CeO2 as a surrogate for PuO2 in a 

MOX fuel development”, J Nucl. Mat., 378 (2008) 98-104 

4. BP statistical review of world energy 2015 

5. Balasubramanian Viswanathan, “Energy Sources. Fundamentals of 

Chemical Conversion Processes and Applications”, 2016 Elsevier 

Publications 

6. V. S. Yemel'yanov and A.L Yevstyukhin, “The Metallurgy of Nuclear Fuel - 

Properties and Principles of the Technology of Uranium, Thorium and 

Plutonium”, Translated by Anne Foster, 1969 Pergamon Press Ltd. 

7. IAEA Tecdoc 1587, “Spent fuel reprocessing options”, IAEA, Vienna, 2008;  

8. A. P. Paiva, P. Malik, “Recent advances on the chemistry of solvent 

extraction applied to the reprocessing of spent nuclear fuels and radioactive 

wastes”, J Radioanal. Nucl. Chem., Vol. 261, No. 2 (2004) 485.496 

9. Uriarte, A. L.; Rainey, R. H. Dissolution of high-density UO2, PuO2 and 

UO2-PuO2 pellets in inorganic acids; Technical Report ORNL-3695. Oak 

Ridge National Laboratory, Union Carbide Corporation 1965. 

10. Taylor, R. F.; Sharratt, E. W.; Chazal, L. E.; Logsdail, D. H. Dissolution rate 

of uranium dioxide sintered pellets in nitric acid systems. J. Appl. Chem. 

1963, 13, 32–40 

11. Akihiko Inoue, “Mechanism of the oxidative dissolution of UO2 in HNO3 

solution”, J. Nucl. Mat., 138, 1986, 152-154 

12. M. Shabbir, R. G. Robins, “Kinetics of the dissolution of uranium dioxide in 

nitric acid – I”, J. Appl. Chem., 18, 129 (1968) 

13. M. Shabbir, R. G. Robins, “Kinetics of the dissolution of uranium dioxide in 

nitric acid – II”, ibid., 19, 52 (1969) 

14. Inoue, A.; Tsujino, T. “Dissolution rates of U3O8 powders in nitric acid”, Ind. 

xxxiii 
 



Eng. Chem. Process Des. Dev. 1984, 23, 122–125. 

15. Ryan, J. L. and L. A. Bray, 1980.  "Dissolution  of  Plutonium  Dioxide - A 

Critical Review," Actinide Separations, J.D. Navratil and W.W. Schultz 

eds., ACS Symposium Series, 17th ACS National Meeting, Honolulu, HI, 

1980,117, Chapter 35, pp 499–514. 

16. N. Desigan, Elizabeth Augustine, Remya Murali, N.K. Pandey, U. Kamachi Mudali, 

R. Natarajan, J.B. Joshi, “Dissolution kinetics of Indian PHWR natural UO2 fuel 

pellets in nitric acid - Effect of initial acidity and temperature”, Prog. Nucl. Ener. 

83 (2015) 52-58 

17. N. Desigan, Nirav P Bhatt, N. K. Pandey, U. Kamachi Mudali, R. Natarajan, J. B. 

Joshi, “Dissolution kinetics of UO2 in nitric acid – Effect of mixing”, Poster 

presentation in NUCAR 2015 held at Mumbai from Feb 09-13 2015 

18. N. Desigan, N.K. Pandey, U. Kamachi Mudali, J.B. Joshi, “Role of nitrous acid 

during the dissolution of UO2 in nitric acid”, SESTEC 2016 Proceedings, page 

198, SESTEC 2016 held at IIT Guwahati from May 17-20, 2016 

19. Shunji Homma, Jiro Koga, Shiro Matsumoto, Tomio Kawata., Dissolution rate 

equation of UO2 pellet, J. Nucl. Sci. Technol., 30(9), 1993, pp. 959-961 

20. Tapio Salmi, Henrik Grénman, Johan Wärn, Dmitry Yu. Murzin., New modelling 

approach to liquid–solid reaction kinetics: From ideal particles to real particles., 

Chemical engineering research and design 91, 2013 

21. Tapio Salmi, Henrik Grénman, Johan Wärn, Dmitry Yu. Murzin, Revisiting 

shrinking particle and product layer models for fluid–solid reactions – From ideal 

surfaces to real surfaces, Chemical Engineering and Processing 50, 2011. 

xxxiv 
 



LIST OF FIGURES 

 

 

Fig. 1.1. Latest typical shares and demand for global primary energy by sources# ................2 

Fig. 1.2. Schematic of Nuclear Fuel Cycle .............................................................................5 

Fig. 1.3. Three Stage Indian Nuclear Power Program ............................................................8 

Fig. 1.4. Various types of interactions between a neutron and nucleus ................................10 

Fig. 1.5. η values for various fissile nuclides as a function of neutron energy ....................12 
 

Fig. 2.1. Schematic diagram of PUREX process flowsheet 19 

Fig. 2.2. Effect of acidity on the KD of various species in 30% TBP 29 
 

Fig. 4.1. Typical PHWR natural UO2 pellets 79 

Fig. 4.2. Typical dimensions of sintered UO2 pellets 80 

Fig. 4.3. Typical FBR MOX pellet 81 
 

Fig. 5.1. Schematic sketch of the experimental dissolver with mechanical mixing 90 

Fig. 5.2. Schematic sketch of air sparging dissolution set-up 90 

Fig. 5.3. Cylindrical glass dissolver with mechanical mixing 91 

Fig. 5.4. Glass bubble dissolver with air sparging 91 

Fig. 5.5. General schematic representation of a solid-fluid reaction 94 

Fig. 5.6. Dissolution of UO2 pellets in 8.05, 10.3 and 11.5 M HNO3 at 353 K 98 

Fig. 5.7. Effect of temperature on the dissolution of UO2 pellets in 8.05 M HNO3 99 

Fig. 5.8. Effect of temperature on the dissolution of UO2 pellets in 10.3 M HNO3 100 

Fig. 5.9. Experimental and modelled UO2 dissolution curves in 8.05 M HNO3 100 

Fig. 5.10.  Experimental and calculated UO2 dissolution curves in 10.3 M 101 

Fig. 5.11. Arrhenius plot of ln(k) vs 1/T for UO2 dissolution in 8.05 M HNO3 102 

Fig. 5.12. Arrhenius plot of ln(k) vs 1/T for UO2 dissolution in 10.3 M HNO3 102 

Fig. 5.13. Percentage UO2 dissolution in nitric acid at various mixing rate 105 

Fig. 5.14. Schematic representation of the effect of mixing intensity 107 

Fig. 5.15. [HNO2] profile in the reaction mixture during the dissolution of UO2 108 

Fig. 5.16. Effect of hydrazine on the [U] profile during UO2 dissolution in nitric acid 109 

Fig. 5.17. Effect of hydrazine on [HNO2] profile during UO2 dissolution in nitric acid 109 

Fig. 5.18. Effect of temperature on the dissolution kinetics of UO2 pellets in HNO3 112 

Fig. 5.19. HNO2 concentration profile during UO2 dissolution at various temperatures 113 

xxxv 
 



Fig. 5.20. Calibration graph for the nitrate concentration varies from 10-100 ppm 116 

Fig. 5.21. Calibration graph for the nitrite concentration varies from 10-100 ppm 117 

Fig. 5.22. Typical Ion –Chromatogram of nitrite and nitrate ions (10 ppm) 117 

Fig. 5.23. Overlay view of the chromatogram peaks against the base line 118 

Fig. 5.24. Ratio of HNO3 consumed to uranium dissolved 120 

Fig. 5.25. Concentration profiles during UO2 dissolution 120 

Fig. 5.26. Profiles of [NO], [NO2] and [U(VI)/2] during dissolution 121 

Fig. 5.27. Various time zones during the dissolution of UO2 in nitric acid 122 

Fig. 5.28. Concentration profiles of NO, NO2, HNO2 and uranium in time zone 1 122 

Fig. 5.29. Concentration profiles of NO, NO2, HNO2 and uranium in time zone 2 124 

Fig. 5.30. Concentration profiles of NO, NO2, HNO2 and uranium in time zone 3 124 

Fig. 5.31. Dissolution of UO2 in nitric acid as a function of initial surface area 129 

Fig. 5.32. Surface area profile for UO2 dissolution in nitric acid  129 

Fig. 5.33. Variation of specific surface area for UO2 dissolution in nitric acid 130 

Fig. 5.34. Experimental and calculated concentration profiles of U and HNO3 at 343K 135 

Fig. 5.35. Experimental and calculated concentration profiles of U and HNO3 at 348K 136 

Fig. 5.36. Experimental and calculated concentration profiles of U and HNO3 at 353 K 136 

Fig. 5.37. Experimental and calculated concentration profiles of U and HNO3 at 358 K 136 

Fig. 5.38. Experimental and calculated concentration profiles of U and HNO3 at 363 K 137 

Fig. 5.39. Experimental and calculated concentration profiles of U and HNO3 at 368 K 137 

Fig. 5.40. Experimental and calculated concentration profiles of U and HNO3 at 373 K 137 

Fig. 5.41. Arrhenius plot for determining the Ea of penetration process 138 

Fig. 5.42. Arrhenius plot for nitric acid aided dissolution process 139 

Fig. 5.43. Arrhenius plot for chemical reaction controlled dissolution process 141 

Fig. 5.44. Experimental and calculated concentration profiles of U and HNO3 at 353 K 142 

Fig. 5.45. Arrhenius plot for penetration process without the effect of nitrous acid 142 

Fig. 5.46. Arrhenius plot for nitric acid aided dissolution process without HNO2 142 

Fig. 5.47. Arrhenius plot for chemical reaction controlled dissolution without HNO2 143 

Fig. 5.48. Comparison of experimental and calculated [HNO3] profile at 353 K 147 

Fig. 5.49. Comparison of experimental and calculated [U] profile at 353 K 147 

Fig. 5.50. Comparison of experimental and calculated surface area profile 147 

Fig. 5.51. Comparison of experimental and calculated [HNO3] profile at 353 K 149 

xxxvi 
 



Fig. 5.52. Comparison of experimental and calculated [U] profile at 353 K 149 

Fig. 5.53. Comparison of experimental and calculated pellet surface area profile 149 

Fig. 5.54. Comparison of experimental and calculated [HNO3] profile at 353 K 151 

Fig. 5.55. Comparison of experimental and calculated [U] profile at 353 K 151 

Fig. 5.56. Comparison of experimental and calculated pellet surface area profile 151 

Fig. 5.57. Comparison of experimental and calculated [HNO3] profile at 353 K 152 

Fig. 5.58. Comparison of experimental and calculated [U] profile at 353 K 153 

Fig. 5.59. Comparison of experimental and calculated pellet surface area profile 153 

Fig. 5.60. Comparison between experimental and calculated [U(VI)] profiles at 353 K 163 

Fig. 5.61. Comparison between experimental and calculated [HNO3] profiles at 353 K 164 

Fig. 5.62. Comparison between experimental and calculated [U(VI)] profiles at 353 K 165 

Fig. 5.63. Comparison between experimental and calculated [HNO3] profiles at 353 K 165 
 

Fig. 6.1. Schematic flow diagram for the fabrication of simulated (U, Ce) MOX pellets 175 

Fig. 6.2. XRD pattern of the sintered simulated MOX pellets of all compositions 176 

Fig. 6.3. Effect of initial [HNO3] on the dissolution of (U0.78Ce0.22)O2 MOX pellets 178 

Fig. 6.4. Acidity profile for the dissolution of (U0.78Ce0.22)O2 MOX pellets 178 

Fig. 6.5. Concentration profiles during the dissolution of (U0.78Ce0.22)O2 MOX pellets 179 

Fig. 6.6. U and Ce percentage during the dissolution of (U0.78Ce0.22)O2 MOX pellets 180 

Fig. 6.7. Effect of Ce on the dissolution kinetics of simulated MOX pellets 181 

Fig. 6.8. Concentration profiles during the dissolution of (U0.78Ce0.22)O2 MOX pellet in 

8M HNO3 at 100 and 600 RPM 183 

Fig. 6.9. Concentration profiles during the dissolution of (U0.72Ce0.28)O2 MOX pellet in 8 

M HNO3 at 100 and 600 RPM 183 

Fig. 6.10. Effect of temperature on the dissolution rate of simulated MOX pellets 185 

Fig. 6.11. Effect of cerium on the dissolution of (U, Ce)MOX pellets in nitric acid 186 

Fig. 6.12. Effect of mixing on CeO2 dissolution rate in nitric acid 187 

Fig. 6.13. Modelled [U] profile for the dissolution of (U0.78Ce0.22)O2 MOX pellets 190 

Fig. 6.14. Modelled [HNO3] profile for the dissolution of (U0.78Ce0.22)O2 MOX pellets 191 

Fig. 6.15. Modelled [Ce] profile for the dissolution of (U0.78Ce0.22)O2 MOX pellets 191 

Fig. 6.16. Modelled [U] profile for the dissolution of (U0.78Ce0.22)O2 MOX pellets 193 

Fig. 6.17. Modelled [HNO3] profile for the dissolution of (U0.78Ce0.22)O2 MOX pellets 194 

Fig. 6.18. Modelled [Ce] profile for the dissolution of (U0.78Ce0.22)O2 MOX pellets 194 

xxxvii 
 



Fig. 6.19. Comparison of experimental and calculated profiles of [U(VI)] at 353 K for 

U0.78Ce0.22O2 MOX pellet dissolution assuming 1st order w.r.t. HNO3 197 

Fig. 6.20. Comparison of experimental and calculated 1st order [HNO3] profiles at 353 

K for U0.78Ce0.22O2 MOX pellet dissolution 197 

Fig. 6.21. Comparison of experimental and calculated profiles of [Ce(IV)] at 353 K for 

U0.78Ce0.22O2 MOX pellet dissolution assuming 1st order w.r.t. HNO3 198 

Fig. 6.22. Comparison between experimental and calculated profiles of [U(VI)] at 353 

K for U0.78Ce0.22O2 MOX pellet dissolution assuming 2nd order w.r.t. HNO3 198 

Fig. 6.23. Comparison of experimental and calculated 2nd order [HNO3] profiles at 353 

K for U0.78Ce0.22O2 MOX pellet dissolution 199 

Fig. 6.24. Comparison of experimental and calculated profiles of [Ce(IV)] at 353 K for 

U0.78Ce0.22O2 MOX pellet dissolution assuming 2nd order w.r.t. HNO3 199 
 

Fig. 7.1. Schematic sketch of the dissolution set-up for dissolving MOX pellets ..............204 

Fig. 7.2. Effect of initial acidity on the dissolution kinetics of (U0.782Pu0.218)O2 MOX 

pellet at 353 K and 600 RPM ..................................................................................................205 

Fig. 7.3. Typical dissolution curve for (U0.782Pu0.218)O2 MOX pellet in 8 M nitric acid ....206 

Fig. 7.4. Effect of acidity on the dissolution of (U0.782Pu0.218)O2 MOX pellets ..................207 

Fig. 7.5. Effect of acidity on the relative dissolution of UO2 and PuO2 .............................207 

Fig. 7.6. Consolidated effect of acidity on the dissolution of (U0.782Pu0.218)O2 MOX 

pellet at 80°C and 600 RPM with expanded view in the inset ...............................................209 

Fig. 7.7. Effect of temperature on the dissolution kinetics of (U0.782Pu0.218)O2 MOX 

pellet in 8 M HNO3 and 600 RPM ..........................................................................................210 

Fig. 7.8. Effect of temperature on the composition of the dissolved solution during the 

dissolution of (U0.782Pu0.218)O2 MOX pellet in 8 M HNO3 at 600 RPM ................................211 

Fig. 7.9. Effect of temperature on the relative dissolution of uranium and plutonium 

from (U0.782Pu0.218)O2 MOX pellet at 8 M nitric acid and 600 RPM ......................................211 

Fig. 7.10. Consolidated effect of temperature on the dissolution of (U0.782Pu0.218)O2 

MOX pellet at 8 M nitric acid and 600 RPM with expanded view in the inset ......................212 

Fig. 7.11. Effect of mixing on the dissolution kinetics of (U0.782Pu0.218)O2 MOX pellet 

in 8 M nitric acid at 353 K ......................................................................................................213 

Fig. 7.12. Effect of mixing rate on the rate of dissolution of UO2 and PuO2 in 

(U0.782Pu0.218)O2 MOX pellet in 8 M HNO3 at 353 K .............................................................214 

xxxviii 
 



Fig. 7.13. Effect of mixing rate on the relative dissolution of uranium and plutonium 

from (U0.782Pu0.218)O2 MOX pellet in 8 M nitric acid at 353 K ..............................................215 

Fig. 7.14. Consolidated effect of mixing rate on the dissolution of (U0.782Pu0.218)O2 

MOX pellet in 8 M nitric acid at 353 K ..................................................................................215 

Fig. 7.15. Modelled uranium concentration profile for the dissolution of (U0.78Pu0.22)O2 

MOX pellet in 8 M HNO3 at 348 K and 600 RPM .................................................................219 

Fig. 7.16. Modeled nitric acid concentration profile for the dissolution of 

(U0.78Pu0.22)O2 MOX pellet in 8 M HNO3 at 348 K and 600 RPM ........................................219 

Fig. 7.17. Modelled plutonium concentration profile for the dissolution of 

(U0.78Pu0.22)O2 MOX pellet in 8 M HNO3 at 348 K and 600 RPM ........................................220 

Fig. 7.18. Modelled uranium concentration profile for the dissolution of (U0.78Pu0.22)O2 

MOX pellet in 8 M HNO3 at 353 K and 600 RPM .................................................................222 

Fig. 7.19. Modelled nitric acid concentration profile for the dissolution of 

(U0.78Pu0.22)O2 MOX pellet in 8 M HNO3 at 353 K and 600 RPM ........................................222 

Fig. 7.20. Modelled plutonium concentration profile for the dissolution of 

(U0.78Pu0.22)O2 MOX pellet in 8 M HNO3 at 353 K and 600 RPM ........................................223 

Fig. 7.21. Comparison of experimental and calculated profiles of [U(VI)] at 353 K for 

U0.78Pu0.22O2 MOX pellet dissolution assuming 1st order w.r.t. HNO3 ..................................226 

Fig. 7.22. Comparison of experimental and calculated 1st order [HNO3] profiles at 353 

K for U0.78Pu0.22O2 MOX pellet dissolution............................................................................226 

Fig. 7.23. Comparison of experimental and calculated profiles of [Ce(IV)] at 353 K for 

U0.78Ce0.22O2 MOX pellet dissolution assuming 1st order w.r.t. HNO3 ..................................227 

Fig. 7.24. Comparison between experimental and calculated profiles of [U(VI)] at 353 

K for U0.78Ce0.22O2 MOX pellet dissolution assuming 2nd order w.r.t. HNO3 ........................227 

Fig. 7.25. Comparison of experimental and calculated 2nd order [HNO3] profiles at 353 

K for U0.78Ce0.22O2 MOX pellet dissolution ...........................................................................228 

Fig. 7.26. Comparison of experimental and calculated profiles of [Ce(IV)] at 353 K for 

U0.78Ce0.22O2 MOX pellet dissolution assuming 2nd order w.r.t. HNO3 .................................228 

 

xxxix 
 



LIST OF TABLES 

 

Table1.1. Neutron cross-sections of Fissile nuclides ..........................................................11 

Table1.2. Comparison of nuclear properties of 235U and 239Pu ...........................................12 
 

Table 2.1. Typical composition of the spent fuel from a commercial LWR .......................17 
 

Table 3.1. Chronological list of important literature information relevant to nuclear fuel 

dissolution as on date 43 
 

Table 4.1. Typical physical properties of the UO2 pellets 80 

Table 4.2. Typical physical properties of PFBR inner core MOX pellets 81 

Table 4.3. Analytical techniques and instruments used 85 
 

Table 5.1. Pseudo 1st order rate constant for UO2 dissolution in HNO3 101 

Table 5.2. The values of the rate constants kp, kh and kc as a function of temperature 138 

Table 5.3. The values of the rate constants kp, kh and kc as a function of temperature 141 

Table 5.4. Estimated values of rate constant at different temperature 148 

Table 5.5. Estimated values of rate constant at different temperature 150 

Table 5.6. Estimated values of rate constant at different temperature 152 

Table 5.7. Estimated values of rate constant at different temperature 153 

Table 5.8. Estimated rate constants at various temperatures 164 

Table 5.9. Estimated rate constants at various temperatures 166 
 

Table 6.1. Rate constants for the dissolution of simulated MOX fuel 189 

Table 6.2. Rate constants for the dissolution of simulated MOX fuel at different acidity 190 

Table 6.3. Rate constants for the dissolution of simulated MOX fuel at different Temp. 192 

Table 6.4. Rate constants for simulated MOX fuel dissolution at different acidity 193 
 

Table 7.1. Details of the inner core PFBR MOX pellets ...................................................203 

Table 7.2. Rate constants for the dissolution of MOX fuel at different temperatures .......218 

Table 7.3. Rate constants for the dissolution of MOX fuel at different acidity .................218 

Table 7.4. Rate constants for the dissolution of MOX fuel at different temperatures .......221 

Table 7.5. Rate constants for MOX fuel dissolution at different acidity ...........................221 

xl 
 



LIST OF ABBREVIATIONS 

Abbreviation  Expansion 

ADU   Ammonium Diuranate 

AFFF   Advanced Fuel Fabrication Facility 

AHWR  Advanced Heavy Water Reactor 

BARC   Bhabha Atomic Research Centre, Mumbai 

BET   Brunauer–Emmett–Teller method of surface area measurement 

CANDU  Canada Deuterium Uranium, a Canadian PHWR 

CEPOD  Catalyzed Electrolytic Plutonium Oxide Dissolution 

CORAL  COmpact Reprocessing of Advanced fuels in Lead shielded facility 

CSTR   Continuous Stirred Tank Reactor 

DAE   Department of Atomic Energy 

FBR   Fast Breeder Reactor 

HEPA   High Efficiency Particulate Air 

HPLC   High Performance Liquid Chromatography 

HTGR   High Temperature Gas-Cooled Reactor 

IC   Ion Chromatography 

ICPMS  Inductively Coupled Plasma Mass Spectrometer 

IDR   Instantaneous Dissolution Rate 

IGCAR  Indira Gandhi Centre for Atomic Research 

INPP   Indian Nuclear Power Program 

LMC   Lead Mini Cell 

LMFBR  Liquid Metal Cooled Fast Breeder Reactor 

MC   Mixed Carbide Fuel 

MDU   Magnesium Diuranate 

MOC   Material of Construction 

MOX   Mixed Oxide Fuel 

NFC   Nuclear Fuel Complex, Hyderabad 

OLW   Organic Liquid Waste 

PAR   4-(2-Pyridylazo)resorcinol 

PCM   Progressive Conversion Model 

PEEK   Polyetheretherketone 

xli 
 



PFBR   Prototype Fast Breeder Reactor 

PHWR   Pressurised Heavy Water Reactor 

PNS   Purified plutonyl nitrate solution 

PPM   Parts Per Million 

PuRC   Plutonium Reconversion 

PUREX  Plutonium Uranium Redox Extraction 

RPM   Rotations Per Minute 

SA   Subassembly 

SC-CO2  Super Critical Carbon-Dioxide 

SPM   Shrinking Particle Model 

SEM   Scanning Electron Microscope 

TBP   Tri-n-butyl phosphate 

THM   Total Heavy Metal 

UNS   Purified uranyl nitrate solution 

xlii 
 



LIST OF SYMBOLS 

Symbols  Expansion 

σ   Specific Surface Area 

D   Distribution co-efficient 

DA   Diffusivity 

kLA   Mass Transfer Coefficient 

Np   Power Number 

Re   Reynolds Number 

Sc   Schmidt Number 

Sh   Sherwood Number 

 

xliii 
 



CHAPTER 1. Introduction 
 

The invention of electricity has made a significant impact in the quality of human life and 

the growth of a country is often judged by its per capita consumption of electricity.  With 

increasing concern of environmental degradation due to release of greenhouse gases, 

namely, NOx, SOx and COx from indiscriminate burning of fossil fuels, nuclear fuels take 

the centre stage as a viable alternative source for electricity production.  As this form of 

energy is also sustainable and contributes to the reduction in global warming, it is 

considered as an essential element in any nation’s energy policy. 

In 1942, when the team led by Enrico Fermi, achieved the world’s first controlled nuclear 

chain reaction in the University of Chicago, United States Of America1, it was envisioned 

that nuclear electricity will be economical.  Though, this dream has not been realized, the 

fact that, the nuclear fission generates tremendous amount of energy with relatively small 

amounts of fuel material, makes it attractive for exploitation.  

While the energy that could be obtained from coal, oil and gas is of the order of 22.3x106 

J/kg2, nuclear fuel typically could provide energy of about 7.28x1013 J/kg. Hence the 

amount of fuel needed to extract the same amount of energy is roughly of the order of 

3x106 times more in the case of coal, oil and gas when compared to that of nuclear route. 

The nuclear fuel cannot be completely burnt at a single stretch in the reactor, either due to 

the fission products which inhibit the nuclear chain reaction or due to the degradation of 

the structural materials which contain the fuel. By recovering the unburnt uranium and the 

fissile materials produced in the reactor, more power could be tapped from this fuel. To 

realize this objective, reprocessing the spent fuel from the reactor is necessary. 

 

1.1.  The need for energy sources 

Right from the early struggle for biological survival to the present technological world, the 

human life continues to exist due to the discovery and exploitation of various new sources 

of energy.  Starting from learning to generate and make use of fire for their existence, 

humans have harnessed various forms of energies like wind using ships and windmills, 

hydropower using rivers and waterfalls, exploitation of chemical energy using coal, oil and 

natural gas.  Only in the middle of 20th century nuclear energy was discovered and used on 

a large scale.3  Fig. 1.1 shows the shares of the global primary energy sources as on 2014. 
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Fig. 1.1. Latest typical shares and demand for global primary energy by sources# 

 
# - BP statistical review of world energy 2016 

 

1.2.  Disadvantages of fossil fuels 

The long-standing impetus for the development of nuclear power has been the eventual 

need to replace the fossil fuels - oil (or petroleum), coal, and natural gas.  Their supply is 

finite and eventually, at different rates for the different fuels, will be consumed.  Natural 

gas resources may exceed those of oil, measured in terms of total energy content.  

Nonetheless, gas is also a limited resource.  Coal resources are much more abundant than 

those of either oil or natural gas, but are the least desirable from the environmental safety 

point of view.  The production of carbon dioxide in the combustion of fossil fuels presents 

a more difficult problem. Unless much of this carbon dioxide could be captured and 

sequestered, the resulting increase in the concentration of carbon dioxide in the atmosphere 

carries with it the possibility of significant global climate change. 

Among the fossil fuels, natural gas has significant advantages. It is environmentally least 

damaging, in terms of both chemical pollutants and carbon dioxide production. If the 

projected supplies of “unconventional” natural gas live up to some of the estimates4, then 

supply difficulties may be postponed for many decades. Further, natural gas could be used 

in highly efficient combustion turbines operating in a combined cycle mode, in which 

much of the (otherwise) waste heat from the combustion turbine is used to drive a steam 

turbine.  Nonetheless, reliance on natural gas as more than a short-term stop gap involves 

two significant issues. First, the gas supplies may be limited to the standard conventional 
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resources, advancing the time at which the availability of gas will become a problem and 

prices will rise substantially.  Second, although preferable to coal in this regard, natural gas 

is still a source of greenhouse gases, primarily carbon dioxide from combustion and 

secondarily methane from leaks. 

 
1.3. Why Nuclear Energy?5 

The predominant reason that the nuclear energy managers put forward for switching over 

to nuclear energy from the fossil fuels is the fact that, unlike the fossil fuels, the by-

products of nuclear power are more benign to the environment.  Also with appropriate 

choice of nuclear reactors, the nuclear fuel could be used inexhaustibly.  This translates 

into the fact that with the same amount of fuel that was used to start a nuclear reactor, 

infinite amount of energy could be generated.  Nuclear fission, the basic process for power 

production using nuclear reactors, emits huge amount of energy (~1 MWd per g of U235 

atoms).  Hence with a small amount of fuel, large amount of energy could be generated6. 

In addition, some of the fission products generated in nuclear reactors possess many 

societal benefits like in medicine, industry, agriculture, food preservation, water resource 

management, environmental studies etc7.  In the health care sector, the applications of 

radioisotopes for diagnostic and therapeutic purposes are innumerable.  Today, nuclear 

medicine offers nearly one hundred procedures that are immensely helpful to a broad span 

of medical specialties ranging from oncology and cardiology to psychiatry due to which 

several millions of patients benefit annually, all over the world. Radiopharmaceuticals are 

preparations containing radioactivity used in medicine for either diagnostic or therapeutic 

purpose.  The industrial applications of nuclear energy can be broadly categorized into four 

types, namely, (i) Non-destructive evaluation and testing, (ii) Nucleonic measurement and 

control systems (nucleonic gauges) which are essentially non-contact/non-intrusive 

mechanisms for measurement and control of process parameters such as thickness, density, 

level and composition, (iii) Radiotracer applications for industrial process troubleshooting 

and optimization and (iv) Radiation processing like development of commercial processes 

such as polymer modifications and sterilizations etc. 

The nuclear energy route for power production though offers various advantages over the 

conventional fossil fuels as stated above, it is certain that great caution needs to be 

exercised in deploying it.  The biggest concern of all is the environmental impact of the 

nuclear materials and the radioactive wastes generated in the process of nuclear fission 
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which demands for a better way of disposition of the spent nuclear fuel and its associated 

radioactive wastes.  The next big challenge is the probability of any nuclear accidents 

during any of the nuclear fuel cycle operations.  These challenges could be overcome by 

engineering the process design in the most practically safest manner.  The International 

Atomic Energy Agency (IAEA), Vienna and the Atomic Energy Regulatory Board 

(AERB), India have laid out various pre requisites for the safety of the operating personnel 

and the general public while carrying out any operation, be it industrial or R&D, which 

when followed meticulously ensures the management of the above challenges.  

Additionally, continuous use of nuclear energy also reduces the finite availability of the 

nuclear materials from the earth’s crust.  But the concepts like breeder reactor wherein one 

can breed more fuel and end with excess fuel materials over and above the initial 

inventory, the issue of finite availability of nuclear material is already overcome by the 

world’s nuclear energy fraternity.  Finally the most horrifying issue with nuclear energy is 

the deployment of nuclear energy in harmful ways by anti-social elements.  To overcome 

this, the world nuclear bodies are setting up various treaties and unions which ensure the 

non-proliferation resistance of nuclear materials. 

 

1.4. Nuclear Fuel Cycle8 

The nuclear fuel cycle refers to the series of operations which the nuclear fuel undergoes 

since its fabrication9.  The cycle starts with the mining of the nuclear fuel materials from 

the earth’s crust followed by its purification and fabrication to a suitable physical and 

chemical form as nuclear fuel.  The various chemical forms include metals and alloys and 

also some ceramic forms like oxide, carbide and nitride.  The usual physical forms include 

sheets of metal like in APSARA reactor at the Bhabha Atomic Research Centre (BARC) in 

Mumbai or rods for the rest of the chemical forms.  Once the fuel is fabricated in the 

desired physical and chemical form, it is irradiated in the nuclear reactor for power 

production.  When the burn up (amount of energy extracted from the given quantity of 

fuel) of the fuel reaches a certain set limit, the irradiated fuel is then unloaded from the 

reactor and is allowed to cool for certain period of time so that the radioactivity and the 

decay heat reduces to acceptable levels.  Subsequently the cooled fuel is reprocessed 

wherein the unburnt and the newly bred fissile material are separated and recycled back to 

the fabrication plant for fresh fuel fabrication.  The radioactive waste generated during the 

reprocessing operations is then sent to a waste management plant wherein the waste are 

4 
 



segregated and treated accordingly.  The most important of that waste are the high level 

liquid waste (HLLW) which is finally fixed in glass matrix and then enclosed in SS 

canisters for short term storage in special shallow underground storage locations called tile 

holes.  After surveillance during the short term storage period when the decay heat and 

radioactivity reduces considerably, they will be transferred into deep geological 

repositories for long term storage.  Fig. 1.2 shows a typical nuclear fuel cycle. 

 

Fig. 1.2. Schematic of Nuclear Fuel Cycle 

 
 

1.5. Spent nuclear fuel 

The nuclear fuel once loaded into a nuclear reactor in an appropriate physical and chemical 

form, will be subjected to neutron induced fission for power production.  For various 

reasons, this fuel could not be consumed completely or otherwise the burnup (the amount 

of energy extracted/extractable from the fuel) of the fuel is limited.  In case of thermal 

nuclear reactors, the burnup is limited due to the accumulation of certain neutron absorbing 

fission products, like 83Kr, 95Mo, 143Nd, 147Pm, 149Sm, 157Gd etc., which also start 

competing with the fuel material in consuming the neutrons.  These are called neutron 

poisons as the neutron absorbed in them does not lead to any fission.  In the case of FBRs 

also these neutron absorbing fission products does get formed.  But as their neutron 

absorption cross section is very low for the fast neutrons, neutron poisoning is never an 

issue in reaching higher burnup.  But as the burnup increases, the physical integrity of the 

fuel clad and the reactor structural materials becomes an issue which limits further 

increasing the burnup.  Hence the fuel has to be discharged.  This discharged fuel from the 
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reactor after irradiation is termed as the spent nuclear fuel.  In any given type of reactor, 

in addition to these factors, nature of the fissioning nuclide also plays a major role in 

determining the maximum amount of energy that could extracted from the given fuel.  

Thus in a FBR, 239Pu and 241Pu are the better fuel materials than other fissile materials as 

their fission cross section with fast neutrons are much better.  This is explained more in 

detail in section 1.8 and 1.9.  Also they tend to emit higher number of neutrons per fission 

in the fast region than the other fissile nuclides which would ensure sustained criticality 

with comparatively lesser fissile content than other fissile nuclides when all other 

parameters are maintained the same. 

 

1.6. Management of spent nuclear fuel 

The spent nuclear fuel, though could be managed in various different ways10, they all fall 

into basically three different types11.  It could either be stored as such as a nuclear waste in 

an appropriate location and manner or it could be reprocessed for the recovery of unburnt 

and the newly bred fissile material present in it.  The former case is called the open or 

once through fuel cycle and is normally practiced in countries where there is no dearth of 

nuclear fuel availability or any other alternate source of energy to meet their power 

requirements.  Countries like USA, Canada, Czech Republic, Germany, Sweden, Finland, 

Spain, South Africa etc. follow this policy12.  These countries, have judged it to be more 

advantageous to implement the open fuel cycle, in which the spent fuel elements 

discharged from the reactor are stored and after a period of interim storage, the fuel will be 

conditioned and disposed of directly in a deep geological repository. 

 

The latter case is referred as the closed nuclear fuel cycle where the spent nuclear fuel is 

reprocessed to recover the uranium and plutonium from the waste products for their 

recycle as new fuel elements for use in thermal and fast reactors for power production.  In 

addition to uranium and plutonium, other nuclides such as 137Cs, 90Sr, 99Tc etc., will also be 

recovered separately for their use in the radiopharmaceutical and other societal beneficiary 

applications7.  The third way of managing the spent fuel is called the “storage and 

postponed decision” or “wait and see option”.  This is essentially a strategy devised by 

many countries to postpone the decision for a certain period and to take a delayed decision 

based on the then current scenario. 
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1.7. Three stage Indian Nuclear Power Program 

India's three-stage nuclear power programme (INPP) was judiciously formulated by Late 

Homi Bhabha, the founding father of the department of atomic energy (DAE), India, in the 

1950s to secure the country’s long term energy independence, through the use of uranium 

and thorium reserves found in the monazite sands of coastal regions of South India13. The 

ultimate focus of the programme is on enabling the thorium reserves of India, which is the 

largest in the world, to be utilized in meeting the country's long-term energy requirements. 

In the 1st stage, nuclear power would be generated using pressurized heavy water reactors 

(PHWRs) driven by the available natural uranium fuel in the country.  The spent fuel from 

these reactors would be reprocessed in-house for the recovery of newly bred Pu239 from 

U238.  At a strategic point in time, Fast Breeder Reactors (FBRs) would be set-up which 

forms the 2nd stage of the program.  The plutonium recovered by reprocessing the spent 

nuclear fuel from the 1st stage would be used for fabricating U, plutonium mixed oxide fuel 

which will drive the FBRs in the second stage.  FBRs due to their inherent design and the 

neutronics are potential producers of huge amount of energy from the given fuel.14  The 

breeding ability of FBRs will be carefully manipulated in multiplying the fuel and thereby 

making them self-reliant as well as fuel breeders to set-up more such FBRs subsequently.  

At an appropriate juncture of time, the blankets of the FBRs will be loaded with the fertile 

element thorium which is available in abundance in our country to breed more U233 out of 

it.  The U233 so obtained, will be separated, purified by reprocessing and would be 

refabricated as fresh fuel to drive the U-Th based Advanced Heavy Water Reactors 

(AHWR) in the 3rd stage of INPP.  A simplified schematic sketch of the three stage INPP is 

presented in Fig. 1.3. 

Thorium is particularly attractive for India, since the country has only around 1–2% of the 

global uranium reserves, but one of the largest shares of global thorium reserves, at about 

25% of the world's known thorium reserves.  Closing the nuclear fuel cycle by 

reprocessing the spent fuel and to recycle the recovered fissile materials back to the reactor 

for power production is one of the key steps to the success of the entire INPP. Presently the 

INPP is in the transition between the 1st and 2nd stage wherein the plutonium produced in 

the first stage by breeding U238 using thermal neutrons in the natural UO2 driven 

Pressurised Heavy Water Reactors (PHWRs) is reprocessed, recovered and used as driver 

fuel for the second stage. Thus reprocessing forms the necessary link between the first two 

stages and hence fast reactor fuel reprocessing plants are required to be set-up for the 
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successful implementation of the INPP15. 

 

Fig. 1.3. Three Stage Indian Nuclear Power Program 

 
 

1.8. UO2 as nuclear fuel 

Uranium was discovered in 1789 by the German chemist Klaproth and named in honor of 

the planet Uranus, discovered five years earlier.  It was not until 1841, half a century after 

the discovery of uranium that the French chemist Peligot succeeded in obtaining this 

element in a pure state16.  Historically, 1941 marked the beginning of the Uranium era 

when investigation for deploying the atomic energy of uranium for military purposes 

begun17. 

Natural uranium refers to uranium with the isotopic ratio of 0.72% U235, 99.27% U238 and a 

trace of U234 by weight (0.0055%). In terms of the amount of radioactivity, approximately 

2.2% comes from U235, 48.6% U238 and 49.2% U234.  Among all these isotopes only U235 is 

fissile that could be used as fuel in the nuclear reactors.  The 0.72% U235 is not sufficient to 

produce a self-sustaining critical chain reaction in light water reactors or nuclear weapons; 

these applications must use enriched uranium. Nuclear weapons require a concentration of 

90% U235 and light water reactors requires roughly 3% 235U18. Natural uranium is an 

appropriate fuel for a heavy-water reactor, like the CANDU reactor. 

In rare occasions, earlier in geologic history when U235 was more abundant, uranium ore 

was found to have naturally engaged in fission, forming natural nuclear fission reactors19. 

U235 decays at a faster rate (half-life of 700 million years) compared to U238, which decays 
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extremely slowly (half-life of 4.5 billion years). Therefore a billion years ago, there was 

more than double the U235 compared to now. 

Uranium though has major applications in military sector as penetrators owing to the high 

density of the metal.  However its most common application is in the civilian sector as 

nuclear fuel.  One g of U235 on nuclear fission produces about 1 MWd of energy.  This is 

equivalent to the energy produced from about 3.2 tonnes of coal20.  Commercial nuclear 

power plants use fuel that is typically enriched to around 3% U235.  The CANDU and 

Magnox designs are the only commercial reactors capable of using natural uranium as the 

driver fuel.  In a breeder reactor, U238 could also be converted into plutonium (referred to 

as breeding) through the following nuclear reaction21: 

 

PuNp  γ U n   U 239
94

-β239
93

-β239
92

238
92 →→+→+                   (1.1) 

 

Uranium is also an extremely effective fuel or explosive substance. Some isotopes of 

uranium and plutonium are capable of undergoing nuclear fission or disintegration by the 

action of neutrons and are referred as fissile isotopes: U235, U233, Pu239 and Pu241. Of these 

4 isotopes, only U235 occurs in nature while the other three are obtained in nuclear reactors 

by neutron bombardment of thorium or natural uranium or Pu240 respectively.  U233 is 

formed from Th232 according to the following reaction. 

 

UaP  γTh  n  Th 233
92

-β233
91

-β233
90

232
90 →→+→+                   (1.2) 

 

The probability of nuclear fission reactions is usually expressed in terms of the effective 

cross-section (σ), in area dimensions, since the probability of reaction between the fuel and 

a bombarding particle is proportional to the area of the transverse cross-section of the 

target nucleus.  The unit of cross-section is 10-24 cm2, which is called a barn. This value is 

approximately the same as the geometric cross-section of an atomic nucleus, the radius of 

which is equal to 10-12-10-13 cm. The value of σ basically depends upon the nature of the 

bombarding particles and their energy. 

In nuclear and particle physics, the concept of a neutron cross section22 is used to express 

the likelihood of interaction between an incident neutron and a target nucleus. In 

conjunction with the neutron flux, it enables the calculation of the reaction rate, for 
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example to derive the thermal power of a nuclear power plant. Larger the neutrons cross 

section, the more likely a neutron would react with the nucleus. 

An isotope (or nuclide) could be classified according to its neutron cross section and how it 

reacts with an incident neutron.  The various types of interaction between a neutron and a 

nucleus are pictorially depicted in Fig. 1.4. 

 

Fig. 1.4. Various types of interactions between a neutron and nucleus 

 
 

Radionuclides that tend to absorb a neutron and either decay or keep the neutron in its 

nucleus are neutron absorbers.  Corresponding to this reaction, the nuclide will possess a 

cross section designated as neutron capture cross section (σc).  Isotopes that undergo 

fission are fissile and have a corresponding fission cross section (σf).  When a fissile 

nuclide absorbs a neutron, there could be only two possible outcomes namely capture or 

fission.  Hence for all fissile nuclides, the sum of σc and σf is called the absorption cross 

section designated by σa.  Thus σa =σc+σf. The remaining isotopes will simply scatter the 

neutron, and have a scatter cross section (σs). 

Some isotopes, like U238, have finite values for all three types of cross sections mentioned 

above.  Isotopes with a large scatter cross section and a low mass are good neutron 

moderators (H1, H2/D etc.). Nuclides which have a large absorption cross section are 

neutron poisons if they are neither fissile nor undergo decay (example Gd157, B10 etc.). A 

poison that is purposely inserted into a nuclear reactor for controlling its reactivity in the 
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long term and improves its shutdown margin is called a burnable poison. 

The consolidated values of various cross sections for the fissile nuclides are provided in 

Table 1.123. 

 

Table1.1. Neutron cross-sections of Fissile nuclides* 

N
uc

lid
e 

Neutron cross section (b) 

Average over thermal 

spectrum 

Slowing-down region 

resonance integrals 

Average over fast 

spectrum† 

σs σc σf η σs σc σf η σc σf σa η 
233U 12.19 42.20 468.20 2.495 141.90 134.16 751.71 2.498     
235U 15.98 86.70 504.81 2.433 152.82 131.97 271.53 2.438 0.25 1.40 1.65 2.2 

239Pu 7.90 274.32 699.34 2.882 155.87 184.06 289.36 2.876 0.26 1.85 2.11 2.52 
241Pu 12.19 334.11 936.65 2.946 148.68 169.13 570.66 2.933     

 

Here η is the regeneration factor and refers to the average number of neutrons emitted per 

fission.  When η is high, the number of neutrons available to sustain the chain reaction is 

higher and thus the probability of fission reaction is accordingly higher.  Fig. 5 depicts 

pictorially the changes in the value of η as a function of incident neutron energy for various 

fissile and fertile nuclides24.  These values provide a clear understanding of which is the best 

fuel for the given type of nuclear reactor in order to have maximum breeding.  Thus as both 
239Pu and 241Pu have relatively very high value of η in the fast neutron region, they are the 

best fuel with respect to their breeding potential.  Hence in principle they could be deployed 

in FBRs to extract infinite amount of energy from them, provided, they are sufficiently 

available initially and a closed fuel cycle is adopted.  Similarly 233U and 235U are the best 

available fuel to be employed in the thermal neutron region.  In this region the η value of 
239Pu is pretty low and hence is not considered a good fuel. It is also interesting to note from 

Fig. 1.5 that 233U could be considered as a universal nuclear fuel as its η value is relatively 

pretty high and consistent under all neutron energy region barring the sharp dips in the 

resonance regions. 

 

* http://www.kayelaby.npl.co.uk/ (Kaye and Laby Online, National Physical Laboratory) 
† These values are intended as a rough guide as they are strongly influenced by the construction details and the 
physical characteristics of the FR (size, geometry, coolant, structural material etc.) 
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Fig. 1.5. η values for various fissile nuclides as a function of neutron energy 

 
 

1.9. MOX as nuclear fuel 

Mixed oxide fuel, commonly referred to as the MOX fuel, is a nuclear fuel that contains 

oxide of more than one fissile material.  It generally consists of plutonium oxide blended 

with the oxide of natural, reprocessed or depleted uranium.  MOX usually consists of two 

phases, UO2 and PuO2, and/or a single phase solid solution of (U, Pu)O2. The content of 

PuO2 may vary from 1.5 wt.% to about 28–30 wt.% depending on the type of nuclear 

reactor where the fuel is intended to be used. Although MOX fuel could be used in thermal 

reactors to provide energy, efficient fission of plutonium in MOX could only be achieved 

in fast reactors as explained using the η curve in the previous section25. 

The MOX fuel differs from UO2 fuel as the fissile material is primarily 239Pu, and to a 

lesser extent 241Pu, rather than 235U. Plutonium and uranium have fundamentally different 

nuclear cross sections that result in the different performance of the materials in a nuclear 

reactor. Table 1.2 shows the comparison of various important nuclear properties of the 

fissile nuclides 235U and 239Pu. 

 

Table1.2. Comparison of nuclear properties of 235U and 239Pu26 

Parameter 235U 239Pu 

Thermal neutron fission cross section (σf, barns) 577 741 

Thermal neutron capture cross section (σc, barns) 98 266 

Thermal neutron absorption cross section (σa =σc+σf, barns) 676 1007 

12 
 



Parameter 235U 239Pu 

Average number of neutrons per fission 2.43 2.87 

Delayed neutron fraction 0.0065 0.0020 

Energy per fission (MeV) 192.9 198.5 

 

Plutonium in comparison with uranium, as tabulated above, has a higher thermal 

absorption cross section and fission cross section, more number of neutron emissions per 

fission, a larger energy per fission and a smaller delayed neutron fraction. These different 

nuclear properties have an impact on the neutron spectrum, reactivity coefficients and 

absorber effectiveness. The smaller delayed neutron fraction results in changes in the 

kinetic response of the reactor with the reactor responding more rapidly to reactivity 

changes.  One of the major advantages of MOX fuel is that it facilitates utilizing surplus 

weapons-grade plutonium peacefully (proliferation resistance). 

 

1.10. Aim and scope of the thesis 

The primary mandate for the current research work is to determine the intrinsic dissolution 

kinetics of the plutonium rich FBR MOX fuels in nitric acid medium under typical PUREX 

process condition.  In the course of fulfilling this mandate, the quantitative effect of 

various parameters like initial concentration of nitric acid, presence of nitrous acid, 

temperate, mixing intensity etc., on the dissolution kinetics of various fuel materials 

employed in this research work would also be studied.  But as MOX fuel is precious, one 

couldn’t afford to carry out many experiments using them for various safety and economic 

reasons.  Thus it was decided to carry out the initial studies with UO2 fuel system for 

identifying the experimental conditions and methodology to determine the effect of various 

parameters influencing the rate of its dissolution in nitric acid and also to evaluate the 

quantitative effect of all these influencing parameters on the reaction rate.  As the 

chemistry of UO2 and MOX fuel systems does not vary much during the dissolution step, 

this will help in designing the proper dissolution system and also to identify the gross 

methods of carrying out the experiments.  Subsequently based on the results obtained from 

UO2 dissolution studies, more experiments would be performed using urania ceria 

simulated MOX fuel systems of various compositions with cerium used as the non-

radioactive surrogate for plutonium.  The results obtained in these studies will be extended 

for the (U, Pu) MOX fuel system.  Followed by that, required number of limited 
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experiments will be carried out for the dissolution of (U, Pu) MOX fuel systems in nitric 

acid under typical PUREX process conditions to evaluate its dissolution kinetics.  Finally, 

using the results of all the experimental studies, model equations will be developed to 

explain the dissolution behaviour of all the fuel materials in nitric acid medium.  The 

model so developed for the UO2 fuel system first, will be then gradually upgraded with the 

necessary changes to explain the dissolution behaviour of the MOX fuel material. 
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CHAPTER 2. Spent nuclear fuel reprocessing 
 

2.1. Why reprocessing? 

For any fuel to make a significant impact in the energy scenario, its sustainability should 

be ensured.  The sustainability of the nuclear fuel depends not only on the effectiveness of 

operating the reactor with the desired fuel but also on how far the fuel could be burnt 

completely. For this, unburnt material from the spent fuel has to be recovered for recycling 

back.  Hence the aim of any nuclear fuel reprocessing plant should be to remove the 

fission products (and its associated radioactivities) quantitatively from the spent fuel and 

recover the plutonium and uranium in them to the purest extent possible. This would 

enable tapping of more energy from the given amount of fuel. From the Indian standpoint, 

the closed nuclear fuel cycle is the most preferred and advisable option for nurturing 

nuclear power in meeting the long term energy security of the country1.  This is because of 

the limited uranium reserve in the country.  Additionally, if we have to devise a strategy to 

deploy our huge thorium reserve, this could be the best option.  Hence reprocessing is a 

mandatory option for us.  Reprocessing the spent fuel offers various other advantages as 

listed below2. 

1. By reprocessing and reusing the recovered fissile materials in breeder reactors, we are 

multiplying the amount of energy that could be extracted from the given quantity of 

fuel.  Hence this leads to the conservation of natural resources 

2. Nuclear fuel reprocessing is the precursor to the recovery of actinides from the spent 

fuel.  Hence reprocessing paves way for better management of nuclear waste.  Also 

the removal of long lived actinides (like 241Am, 237Np etc.) from the spent fuel leads to 

minimization of environmental impact of the radioactive waste 

3. When the recovered fissile materials are reused, it strengthens fuel cycle economics 

4. As reprocessing recovers all the fissile materials from it, especially plutonium, they 

could be directed for peaceful applications, thereby taking care of proliferation 

resistance 

 

2.2. Nature of spent nuclear fuel 

Nuclear fuels are generally of three types, namely, metallic, ceramic and dispersion3.  The 

latter includes two-phase metallic fuels such as Al-UAl3 as well as dispersions of ceramics 

in metal or ceramic matrices.  Irrespective of the chemical form of the nuclear fuel, the 
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irradiated/spent nuclear fuel will always be comprised of the unburnt initial fuel which is 

the bulk, fission products whose mass number ranges from about 70 to 160 and the minor 

actinides (mostly comprising of Am, Np and Cm).  Depending on the burn up of the fuel, 

the composition of all these vary vastly.  Depending on the type of fuel, the chemical form 

of the fission products and minor actinides also differ4, 5, 6.  The composition of the spent 

fuel depends on how long the fuel was in the reactor (burnup) and to a greater extent on 

how long the irradiated fuel has been out of the reactor.  This amount of time for which the 

irradiated fuel is kept outside the reactor, with all the appropriate safety measures, from 

the time of its discharge till its further management in the nuclear fuel cycle is called the 

ex-vessel cooling period.  For a light water reactor (like a PWR or BWR) the 235U levels 

get reduced from the initial amount by about 2-4%. The change is even lower for CANDU 

type reactors (less than 1%). About 95% of the spent fuel is still U238, which could be used 

again. The other radionuclides that now exist in the irradiated fuel are heavy elements and 

their isotopes (plutonium, americium, neptunium and curium) and fission products.  

Although there are thousands of tons of spent fuel, it is compact and uniform.  This makes 

it relatively easy to manage this waste7.  The typical composition of the spent fuel 

discharged from a commercial light water reactor is given in Table 2.1. 

 

Table 2.1. Typical composition of the spent fuel from a commercial LWR8 

Element or group Percent, by weight 

Uranium 95.6% 

Plutonium 0.9% 

Fission products 3% 

Heat emitters line 137Cs and 90Sr 0.3% 

Minor actinides 0.1% 

Transmutable 131I and 99Tc 0.1% 

 

2.3. Choice of reprocessing process 

Depending on the chemical form of the nuclear fuel, the method of reprocessing the spent 

nuclear fuel is chosen2.  Basically there are two primary means of reprocessing the spent 

nuclear fuel.  They are the aqueous and non-aqueous methods.  In the former, nitric acid 

medium is used for dissolving the spent fuel either with or without their cladding material.  

Once all the fuel material in brought into a suitable medium, they are separated from the 
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host of fission products and their associated radioactivity by solvent extraction process.  In 

the latter method, a variety of non-aqueous methods like pyrometalurgical process, halide 

volatility process, carbo-chlorination process, direct electrochemical dissolution process 

etc. are available9.  Since the current thesis focusses only on the dissolution of spent 

nuclear fuel in aqueous medium, methods associated to aqueous processes are only 

discussed here.  For oxides, nitrides and carbides, the aqueous based methods could be 

adopted.  The well-known PUREX process comes under this category10, 11.  For metallic 

fuels, as they are seldom soluble in aqueous based solvents, hence non-aqueous methods 

like pyrometalurgical and pyrochemical processes are employed. 

 

2.4. Chemistry of the reprocessing of spent nuclear fuel by PUREX process 

The subject of the present thesis is the dissolution kinetics of nuclear fuel in nitric acid 

medium.  Hence information/discussion presented in the thesis would pertain to this aspect 

alone.  However, a brief mention about the other processes also would be made in the 

thesis.  The following is a brief account of the chemistry involved in the various process 

steps while processing a spent nuclear fuel by aqueous methods12,13. 

The process flowsheet for reprocessing of spent fuel by aqueous process (PUREX process 

in particular14) could be divided into three sections namely the head-end, solvent 

extraction and tail-end process sections15.  The head-end processes comprises of 

dismantling the subassemblies (SAs) into individual pins in case of FBR fuel reprocessing 

or individual SAs in the case of thermal reactor fuel reprocessing, chopping them into 

small pieces of suitable size and dissolving them in nitric acid.  The process chemistry 

comes into the picture only from the dissolution step as the spent fuel is converted to a 

suitable physical and chemical form for efficient downstream processes only in this step.  

The tail-end process refers to the conversion of the purified plutonium and uranium 

nitrates to their respective solid oxides which are the final products of a nuclear fuel 

reprocessing plant.  Fig. 2.1 depicts the typical processes carried out in the reprocessing of 

spent nuclear fuel by PUREX process. 

 

2.4.1. Chemistry in the head-end steps in the PUREX process 

The head-end processes involve decladding, dissolution and feed filtration and 

conditioning.  The chemistry involved in these processes is described in the following 

sections. 
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Fig. 2.1. Schematic diagram of PUREX process flowsheet 

 
 

2.4.1.1. Chemistry involved in the decladding of nuclear fuel 

Decladding refers to the pretreatment given to the spent fuel to ensure direct access for the 

aqueous solvent to the fuel material for further processing.  Decladding could be carried 

out either by chemical methods or by mechanical means. In chemical decladding, 

preferential dissolution of cladding material is carried out with a suitable reagent, leaving 

the fuel undissolved. Subsequently, the fuel is dissolved in nitric acid. For example, 

aluminium cladded uranium oxide spent fuel is decladed with caustic solution which 

dissolves aluminium as per the following reaction16. 

Al + 0.85 NaOH + 1.05 NaNO3 → NaAlO2 + 0.9 NaNO2 + 0.15 NH3 + 0.2H2O (2.1) 

The fuel does not dissolve in sodium hydroxide.  There are processes to dissolve Zr and 

stainless steel clads as well.  But they are not generally practiced in plant scale.  While 

chemical decladding eliminates the use of mechanical system in radioactive areas, it 

increases the waste volume by introducing new chemical species in the process streams.  

Even though the chemical decladding procedure is followed in some plants for 

reprocessing the spent fuel from research reactors, chop-leach process is the widely 

followed process to expose the fuel to nitric acid in dissolution leaving the clad 

“undissolved” so that it could be handled separately. This enables cladding hulls to be 

compacted and disposed-off as high level solid waste separately. 

Chopping is carried out in mechanical chopping equipment. Generally bundle chopping 
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procedure is followed for the thermal reactor fuel reprocessing plants while for FBR fuel 

reprocessing plants, single pin chopping is adopted.  This avoids crimping of the chopped 

bits due to the slenderness of the fuel pins, which reduces the fuel dissolution rates. 

 

2.4.1.2. Chemistry involved in the dissolution of nuclear fuel 

The dissolution step in the PUREX process primarily aims at the following tasks17. 

i. Complete transfer of the fissile materials (U and Pu) into the aqueous solution 

ii. Complete separation of the fuel from the cladding material 

iii. Render feasibility for the accurate measurement of the amounts of fissile material 

taken for reprocessing for the purpose of nuclear material accounting and 

iv. Convert the entire spent fuel into an appropriate chemical form amenable for their 

subsequent separation and quantitative recovery. 

 

In the PUREX process, the fuel is dissolved in boiling nitric acid. Generally 6-8 M nitric 

acid would be adequate for most of the spent fuels of PHWRs, but plutonium rich fuels 

require still higher acidities18. 

Dissolution of FBR fuels with plutonium greater than 35% by weight in an oxide matrix is 

difficult with concentrated nitric acid alone.19  Higher plutonium concentration invariably 

demands advanced dissolution methods like addition of strong oxidizing/reducing agents 

or by electrolysis.  When the reprocessing of a mixed carbide fast reactor spent fuel 

(FRSF) was taken up for the first time in the world at CORAL‡, Kalpakkam, it was 

believed that a 70% plutonium rich FRSF cannot be dissolved in pure nitric acid.  But the 

CORAL operating experience has revealed that reflux heating in boiling concentrated 

nitric acid could dissolve it completely.20 

Though, most of results in the published literature21, 22, 23, 24, 25, 26, 27  were inconclusive in 

recommending a specific condition for dissolving spent fuel on a commercial scale, they 

still provided certain important inferences, which helped in providing direction for the 

subsequent research, some of which are as follows. 

i. Initial dissolution rates depends on concentration of nitric acid and temperature28 

ii. Similar to UO2, plutonium lean spent fuels could be dissolved in nitric acid29 

iii. Spent fuel with plutonium content above 35% by weight of the total heavy metal 

‡ CORAL stands for the COmpact Reprocessing of Advanced fuels in Lead shielded facility which is set-up at 
IGCAR, Kalpakkam, India for demonstrating the feasibility of reprocessing the plutonium rich spent fuel 
discharged from FBTR.  CORAL was formerly known as the Lead Mini Cell (LMC) 
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needs aggressive conditions for dissolution 

iv. Irradiation renders the fuel more brittle commensurate with the burnup of the fuel due 

to the gaseous fission products, decay heat and neutron flux.30  Therefore when 

agitated physically, small fragments of fuel particles is released out of the chopped 

fuel pin into the acid medium, which dissolve faster than those inside the chopped pin.  

Additionally, due to the escape of such small particles from the inside the chopped 

fuel pin pieces, more space is available for ingress of acid.  This enhances the 

dissolution of the fuel particles still intact inside the chopped fuel pin pieces.  Thus 

irradiation enhances dissolution rate31 

v. Irradiation also leads to the formation of certain alloys in the spent fuel comprising of 

the noble metals (Ru, Rh, Pd) and actinides leading to undissolved residues30.  This 

leads to the loss of some fissile materials in these alloys.  The amount of actinides, 

plutonium in particular, present in these undissolvable alloys increases with burnup 

vi. Voloxidation in general enhances dissolution, but also increases the amount of 

plutonium left in the undissolved residue32 

Owing to the above facts, there has been more attention on the dissolution of high 

plutonium bearing spent fuel, especially those discharged from a fast reactor.  The 

additional issue of criticality due to the presence of high amount of plutonium in these 

types of fuel makes it more challenging to develop the process for dissolution. 

Until the end of the 20th century, the necessity for developing superior dissolution methods 

for the spent nuclear fuel and scraps, stemmed predominantly from nuclear waste 

management.  Only in the recent decade owing to plutonium utilization strategies, 

reprocessing of plutonium containing fuels has taken the center stage wherein dissolution 

of spent fuel has been an integral part.  In the early 1960s, Uriarte and Rainey18 came out 

with the recommendations for commercially dissolving irradiated MOX fuel.  According 

to them, nitric acid with traces of HF was the most suitable medium for the dissolution of 

MOX fuel.  But subsequently based on the studies to eliminate corrosive reagents like HF, 

a method based on cerium(IV)33 was developed.  It was proposed that this method not only 

is devoid of a corrosive reagent but also enhances plutonium oxide dissolution.  Also it 

was found to be superior to other strong oxidants, including ozone, permanganate, 

persulphate and Ce(IV).  During dissolution, Ce(IV) gets reduced to Ce(III) which needs 

to be re-oxidized in-situ.  The main disadvantage of this method is the increased 

consumption of Ce(IV) by the other oxidizable fission products like Ru34. 
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In 1980, Ryan and Bray35 of PNL gave an account of the problem of dissolving plutonium 

oxide from a thermodynamic and kinetics standpoint.  These studies showed that 

thermodynamically it is impossible to dissolve pure PuO2 in nitric acid solutions of 

concentration below about 4 M.  Fluoride ion was used based on its ability to complex 

Pu(IV) in strong acidic solutions, wherein it aids in increasing both the solubility and the 

rate of PuO2 dissolution. The formation of the Pu(IV) fluoride complex influences the 

dissolution process.  Hence the fluoride concentration often must exceed the final 

dissolved plutonium concentration.  In irradiated MOX fuels, many scraps and various 

plutonium contaminated waste, other contaminants such as Si, Zr, U, and various fission 

products also form fluoride complexes. They virtually prevent the dissolution of PuO2 

when present in large quantity unless a large excess of fluoride is used. Processes for 

leaching plutonium from various scraps have often employed repeated cycles of leaching 

by fluoride containing nitric acid solutions. Not only has this produced large volumes of 

solutions, generating eventually more waste, but significant amounts of Al3+ are generally 

added to the solutions (further increasing waste) to complex the fluoride, both to allow 

normal plutonium processing by ion exchange or solvent extraction and to minimize 

fluoride corrosion of equipment. When silica or silicates are present, the volatilization of 

SiF4 could produce significant problems in off-gas systems, and silica often precipitates 

when Al is added to prepare the solution for further processing. 

Ryan et.al36, as a follow up to the above findings, proposed a process to dissolve PuO2 and 

PuO2
2+ ions by using electrical energy and it was named CEPOD (Catalyzed Electrolytic 

Plutonium Oxide Dissolution).  In this process, PuO2 is dissolved in an analyte containing 

small (catalytic) amounts of elements that form kinetically fast, strongly oxidizing ions. 

The oxidizing ions are regenerated at the anode; they act in a catalytic manner, carrying 

electrons from the solid PuO2 surface to the anode of the electrochemical cell. 

Among the various methods employed in the studies to enhance the dissolution of spent 

fuel in nitric acid, voloxidation was expected to be a prominent technique.37  The studies 

revealed that voloxidation though enhances dissolution and leaves more plutonium in the 

undissolved residues which are even harder to dissolve. 

 

2.4.1.2.1. Dissolution reactions 

Various reactions taking place during the dissolution of different types of nuclear fuel 

materials are summarized in the following few sections. 
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2.4.1.2.1.1. Dissolution of uranium metal 

U + 6HNO3 → UO2(NO3)2 + 3NO2 + NO + 3 H2O (2.2) 

 

2.4.1.2.1.2. Dissolution of plutonium metal (in the presence of HF) 

Pu + 6HNO3 → Pu(NO3)4 + NO2 + NO +3H2O (2.3) 

Pu + 6HNO3 → PuO2(NO3)2 + 3NO2 + NO + 3H2O (2.4) 

Pu + 6HNO3 + 2H+ → Pu(NO3)3 + 2NO2 + NO +4H2O (2.5) 

 

2.4.1.2.1.3. Dissolution of UO2 with emission of NOx gases 

UO2 + 4HNO3 → UO2(NO3)2 + 2NO + 2H2O (2.6) 

3UO2 + 8HNO3 → 3UO2(NO3)2 + 2NO + 4H2O (2.7) 

2UO2 + 6HNO3 → 2UO2(NO3)2 + NO + NO2 + 3H2O (2.8) 

 

During the dissolution of UO2, depending on the concentration of the nitric acid, one or 

more of the above reaction take place.  The reaction corresponding to equation 2.6 occurs 

when the concentration of nitric acid is above 8M.  As the acid concentration reduces, the 

reaction proceeds predominantly through reaction 2.7 and when the acidity reduces below 

6M, reaction 2.8 predominates.  Though the stoichiometric equations are well established, 

the detailed mechanism of the reaction has not been completely understood.  Though, 

some of studies in the literature had speculated the role of intermediates like nitrous acid 

getting generated in-situ during the dissolution process38, 39, 40, no studies have yet been 

carried out systematically to quantify the role of nitrous acid during dissolution.  Hence 

the present work aims at studying these reactions in detail by determining the quantitative 

effect of various influencing parameters like initial concentration of nitric acid, 

temperature, mixing intensity, role of nitrous acid and the surface area of the pellet. 

 

2.4.1.2.1.4. Dissolution of PuO2 with emission of NOx gases 

Unlike UO2, PuO2 dissolves in nitric acid very sluggishly16 as per the following 

stoichiometric equations. 

 

PuO2 + 4HNO3 → PuO2(NO3)2 + 2NO + 4H2O (2.9) 
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PuO2 + 6HNO3 → PuO2(NO3)2 + 3NO2 + NO + 3H2O (2.10) 

PuO2 + 8HNO3 → PuO2(NO3)2 + 6NO2 + 4H2O + O2 (2.11) 

PuO2 + 4H+ → Pu4+ + 2 H2O (2.12) 

PuO2 + NO3
¯ + 2H+ → PuO2

+ + NO2 + H2O (2.13) 

PuO2 + NO3
¯ + 3H+ → PuO2

2+ + HNO2 + H2O  (2.14) 

 

All the above reactions require high concentration of nitric acid at elevated temperatures 

for quantitative dissolution of plutonia.  Generally higher the concentration of the acid 

used the off-gas NOX will be dominated by NO2.  Otherwise it is NO.  The reaction 2.12 

represents the direct dissolution of PuO2 in nitric acid whereas equations 2.13 and 2.14 

represent the oxidative dissolution of PuO2.  Thermodynamic calculations presented in the 

literature have shown that all the above dissolution reactions of PuO2 in nitric acid are 

thermodynamically less favorable34, 41. 

 

2.4.1.2.1.5. Dissolution of UC, PuC and their mixture 

Uranium, plutonium and their mixed carbides are known to dissolve even under mild 

conditions as comparted to their oxide counterparts42 with the emission of CO2 and NOX 

gases as per the following reactions. 

 

UC + 6HNO3 → UO2(NO3)2 + CO2 + 3NO + NO2 + 3H2O (2.15) 

PuC + 8HNO3 → Pu(NO3)4 + CO2 + 2NO + 2NO2 + 4H2O (2.16) 

 

The earliest studies carried out for the direct dissolution of advanced carbide fuels in nitric 

acid medium showed the formation of some organics like oxalic and mellitic acids43.  In 

addition to these, some more unidentified compounds were also reported44.  All these 

organics generated during the dissolution process were expected to have adverse effect on 

the subsequent purification of uranium and plutonium by solvent extraction using tributyl 

phosphate (TBP). 

 

2.4.1.2.2. Kinetics, mechanism and modeling of dissolution 

Many proposals were brought forward to explain the kinetics and mechanism of 

dissolution as and when the existing knowledge on the dissolution of spent fuel is being 

updated by the researchers world over.  Some of these proposals were followed by 
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mathematical modeling for explaining the experimental observations. 

Lot of work was carried out to study the kinetics, mechanism and modeling of dissolution 

of uranium and plutonium oxides in nitric acid for the development of a continuous 

dissolution equipment and process methodology.  Understandably UO2 dissolution 

mechanism was studied first which paved way for the evaluation of the reaction 

mechanism of the dissolution of other actinide oxides.  Detailed discussions of literature 

information on this aspect are presented in Chapter 3 of this thesis. 

 

2.4.1.3. Chemistry of the dissolver off-gas treatment 

The dissolver off-gases are cooled and the NOX gases evolved during the dissolution are 

scrubbed in DM/distilled water and converted to nitric acid.  This is done primarily for 

two purposes, namely, to reduce the release of NOX gas into atmosphere and also to 

minimize the overall consumption of nitric acid during reprocessing by recycling this acid 

to an appropriate stage within the reprocessing process. The following reactions occur 

during the dissolver off-gas treatment: 

2.4.1.3.1. Gas phase reactions 

2NO + O2 → 2NO2 (2.17) 

2NO2 → N2O4 (2.18) 

NO + NO2 → N2O3 (2.19) 

 

2.4.1.3.2. Liquid phase reactions 

2NO2 + H2O → HNO3 + HNO2 (2.20) 

N2O4 + H2O → HNO3 + HNO2 (2.21) 

N2O3 + H2O → 2 HNO2 (2.22) 

3HNO2 → HNO3 + H2O + 2NO (2.23) 

 

It could be seen that oxygen is required for conversion reactions which is supplied by 

sparging air16.  Oxygen in air enhances the conversion of NO to NO2 which has better 

absorption characteristics with water.  The off-gases are then treated for the removal of 

iodine and then filtered through High Efficiency Particulate Air (HEPA) filters and 

discharged into the environment through the stack after making sure that the radioactivity 

of the off-gas stream is within the limits stipulated by the regulatory authority45. 
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2.4.1.4. Decladding chemistry 

Decladding is carried out to avoid the clad to be present along with the fuel in further 

processing since its presence makes the process design very complicated.  During the 

spent nuclear fuel processing by aqueous processes, the cladding material of the fuel 

would be removed by either of two different ways, viz, mechanical or chemical.  The 

conventional PUREX process removes the clad by mechanical means wherein during the 

dissolution step, the fuel material inside the chopped fuel pins alone goes into the solution 

leaving the clad materials undissolved.  This undissolved clad after dissolution is termed 

as the “HULL” and is disposed as solid radioactive waste after appropriate treatment46. 

The chemical decladding process is adopted in those cases wherein the fuel material is 

bonded with the clad material as in the case of uranium metal slugs bonded with 

aluminium-silicon alloy to aluminium could during the early production reactions in the 

US47.  As the clad and fuel are bonded, mechanical decladding is not feasible here.  In the 

chemical decladding process, the clad materials alone will be dissolved in a alkali leaving 

out the spent fuel which does not dissolve in that. Then the left over fuel material will be 

removed and dissolved in nitric acid medium for further processing.  The THOREX 

process adopted for reprocessing the thorium based spent nuclear fuel48, 49 employs this 

method wherein the cladding material is Aluminium.  Thus an appropriate decladding 

method is adopted suitably to avoid the cladding materials being present along with the 

fuel materials during solvent extraction process.  In earlier days when the mechanical 

decladding process was not developed, the chemical decladding process was used in the 

zirflex50, 51 and sulfex52 processes for removing the zircaloy and SS clad materials 

respectively. 

 

2.4.1.5. Chemistry of feed clarification 

Under boiling nitric acid condition, all the fuel material dissolves leaving a small quantity 

of fine residues53, 54 which mainly consists of noble metal alloys with small quantities of 

plutonium in it. Though the quantity of this undissolved material depends upon the nature 

of the fuel, burnup and initial plutonium content, it generally increases with the burnup 

and plutonium composition55. Typically this quantity could be as high as 0.74% in FBR 

fuels56.  The dissolver solution is filtered to remove these fine particles before subjecting it 

to solvent extraction. The filtration also removes the clad fines. Though R&D work was 

conducted with sand bed as well as bag filters, centrifuge filters are more commonly used. 
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2.4.2. Chemistry involved in feed conditioning 

Feed conditioning is the process step carried out to ensure that the chemical conditions of 

the dissolver solution, viz, acidity and valency of the metal ions of interest, is adjusted for 

getting the highest possible recovery of uranium and plutonium in an optimum number of 

extraction stages. While generally 1-3 M is the optimum range of acid concentration 

employed in the processing of PHWR spent fuels, 4-6 M is used for fast reactor fuels as its 

plutonium content is higher.  This is because the extraction coefficient of plutonium is 

relatively lower at lower acidities. This range of acid concentration was found to be 

optimum for the quantitative recovery of both uranium and plutonium as well as for 

removing bulk of the fission products whose extraction is poor under these conditions. For 

ensuring quantitative recovery, all the plutonium is converted to its fourth valency state, as 

the distribution coefficient of Pu(IV) (DPu(IV)) is the highest among all the plutonium 

species under PUREX process conditions. Since plutonium co-exists in III, IV and VI 

oxidation states in nitric acid medium, it is essential to convert all the plutonium species to 

Pu(IV).  It is also well established that Pu(IV) undergoes disproportionation in nitric acid 

medium by which it gets converted to III and VI valency states partially57.  Though the 

kinetics of disproportionation is found to be reasonably slow under PUREX process 

conditions58, it is a general practice to carry out conditioning of the feed solution just 

before carrying out solvent extraction.  Valency adjustment of plutonium could be carried 

out either chemically or electrolytically. 

 

2.4.2.1. Conditioning by chemical methods 

Sparging with NO2 gas is the most commonly practiced chemical method for conditioning 

the feed in the PUREX process. The earlier practice of using NaNO2 for insitu generation 

of NO2 for conditioning has been dispensed with in most of the recent plants since this 

would increase the solid waste quantities by introducing Na+ ions in the liquid waste 

streams.  NO2 gas, when sparged into aqueous solution, produces nitrous acid in-situ by 

the following reaction. 

 

2NO2 + H2O → HNO3 + HNO2 (2.24) 

 

The nitrous acid (HNO2 or NO2
¯) generated in-situ in the solution converts all plutonium 

species in the dissolver solution to Pu(IV) by the following equations. 
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PuO2
2+ + NO2  + 2H+ → Pu4+ + NO3  + H2O (2.25) 

Pu3+ + NO2  + 2H+ → Pu4+ + NO + H2O (2.26) 

6Pu3+ + 2NO2  + 8H+ → 6Pu4+ + N2 + 4H2O (2.27) 

 

Though the most stable oxidation state of uranium in nitric acid medium is VI, presence of 

any hydrazine (used in its nitrate form as a stabilizing agent of U(IV) in the latter stages of 

PUREX process) may lead to the reduction of U(VI) to U(IV).  The nitrous acid produced 

in-situ, also takes care of this issue as per the following reaction59. 

 

N2H4 + 2HNO2 → N2 + N2O + 3H2O (2.28) 

N2H5NO3 + HNO2 → HN3 + 2H2O + HNO3 (2.29) 

HN3 + HNO2 → N2 + N2O + H2O (2.30) 

 

The above reactions takes very rapidly60 and destroy hydrazine ions completely in the 

system thereby avoiding the reduction of U(VI) to U(IV). 

 

2.4.2.2. Conditioning by electrochemical methods 

Alternately, the PUREX process feed conditioning could also be carried out 

electrochemically using platinum as anode and titanium as cathode.  The electrochemical 

reactions that take place during such an electrochemical conditioning is given by 

 

Pu3+ → Pu4+ + e¯ E = -0.914V (2.28) 

Pu6+ + 2e¯→ Pu4+ E = 1.054V (2.29) 

 

Though studies have shown that electrolytic conditioning is possible61, this has not been 

introduced in any of the plants till date.  Most probably this could be due to some of the 

parasitic electrochemical reactions which could take place simultaneously leading to some 

undesired changes in the conditioned feed and also in excess consumption of power62.  

The valency of uranium need not be adjusted as its VI valency is the most stable state and 

hence it remains so by default.  The equilibrium acid concentration has a strong effect on 

the solvent extraction efficiency as shown in Fig. 2.2. 
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Fig. 2.2. Effect of acidity on the KD of various species in 30% TBP63 
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From Fig. 2.2 it could be seen that the D values for U(VI) and Pu(IV) is sufficiently high 

above 4 M acid concentration when compared with that of the fission products, 

lanthanides and other actinides.  Hence the solvent extraction step is carried out using 30% 

TBP after conditioning the feed acid concentration to above 4 M during FBR spent fuel 

reprocessing for achieving the required decontamination for uranium and plutonium from 

the rest of the species in the spent fuel.  Since the FBR spent fuel has higher quantity of 

Pu, the PUREX process is normally operated with the concentration of nitric acid at or 

above 4 M.  When the spent fuel is short cooled, the concentration of acid is maintained 

even at 6 M for the first cycle alone to have sufficient decontamination factor (DF) from 

Ru.  Though 95Zr has a short half-life of only about 65 days, there will be sufficient 

amount of it in FBR spent fuel due to the higher burn up.  Hence for the decontamination 

of Zr(IV) whose distribution is sufficiently high at above 4 M acid concentration, a acid 

scrub of about 3-3.5 M is provided for the loaded organic to strip the extracted Zr(IV), if 

any. 

 

2.4.3. Chemistry of solvent extraction process 

The Organisation for Economic Co-operation and Development (OECD), Nuclear Energy 

Agency (NEA) has come out with a report prepared by an expert committee in 2012 which 

is one of the latest compilations as on date on the solvent extraction relevant to spent fuel 
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reprocessing and recovery of actinides and lanthanides from the high level liquid waste64. 

The conditioned feed solution would then be subjected to solvent extraction using 30% 

TBP diluted in n-dodecane as solvent for the quantitative recovery of U(VI) and Pu(IV) in 

the first cycle of solvent extraction.  The stoichiometric equation for the extraction of 

uranium and plutonium by TBP is given in the following equations. 

 

.2TBP(org))(NOUO2TBP(org)(aq)2NO(aq)UO 2323
2

2 →++ −+  (2.30) 

.2TBP(org))(NOuP2TBP(org)(aq)4NO(aq)uP 433
4 →++ −+

 (2.31) 

 

After extraction of U(VI) and Pu(IV) into the organic phase, the loaded organic is 

separated and contacted with a fresh dilute nitric acid stream.  As the Fig. 2.2 indicates, 

the distribution coefficient of U(VI) and Pu(IV) is lower when the concentration of acid in 

the aqueous stream in contact with it is less. Hence they get stripped back to the aqueous 

phase.  Pu(IV) is prone for polymerization when the concentration of the acid is low65.  

Since the recovery of the polymerized Pu(IV) is very difficult, care needs to be exercised 

in choosing the concentration of the strip acid to ensure the prevention of plutonium 

polymerization.  This operation of extraction and stripping is termed as one cycle of 

solvent extraction.  Sufficient numbers of such cycles of solvent extraction is carried out 

during reprocessing to achieve the required levels of decontamination for the final 

uranium and plutonium products from all the fission products and other impurities. 

 

2.4.4. Chemistry of U/Pu partitioning in the PUREX process 

The uranium and plutonium, after being purified from the bulk of fission products and 

other impurities, is separated from each other in the next cycle which is called the 

partitioning cycle.  The relatively lower distribution co-efficient of Pu(III) into 30% TBP 

is exploited advantageously for this purpose.  As mentioned earlier in section 2.4.2.1, 

hydrazine stabilized U(IV)66 is the commonly used reducing agent for this purpose.  U(IV) 

reduces all Pu(IV) to Pu(III) as per the following reaction67. 

 

2Pu(IV) + U(IV) → 2Pu(III) + U(VI) (2.32) 

 

Thus for every mole of Pu(IV), half the mole of U(IV) is sufficient for effecting the 
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reduction.  Depending on the fuel composition, partitioning could be carried out either in 

the organic or in the aqueous phase.  When the plutonium composition in the spent fuel is 

relatively low like that in PHWR (typically 0.3 weight %), organic phase partitioning is 

preferred.  In this case, the 1st cycle loaded organic product containing U(VI) and Pu(IV) 

is contacted with an aqueous scrub stream containing excess amount of hydrazine 

stabilized U(IV).  This U(IV) gets extracted into the loaded organic and it reduces Pu(IV) 

to Pu(III).  In real practice it was found that the quantity of U(IV) required is much higher 

than the stoichiometry due to various reasons like poor extractability of U(IV), presence of 

nitrous acid and absence of hydrazine in the organic phase to stabilize U(IV) etc68.  Since 

Pu(III) has a very low distribution co-efficient, it immediately strips into the aqueous 

phase.  Thus the loaded organic would retain all the U(VI) and all Pu(III) would strip into 

the aqueous stream thereby effecting the partitioning. 

In the case of FBR spent fuel reprocessing wherein plutonium concentration is higher 

(typically 20-30 weight %), carrying out partitioning in the organic phase after co-

extraction of both uranium and plutonium would lead to unduly higher load of uranium on 

the plant as very high amount of U(IV) would be required to reduce all plutonium 

quantitatively in the organic phase.  This is because of the combined effects of lower 

distribution co-efficient of U(IV) in TBP and many side reactions which consumes 

hydrazine thereby leading to oxidation of U(IV) to some extent in nitric acid medium69.  

Hence while processing plutonium rich spent nuclear fuel, aqueous phase partitioning 

would be more economical from the overall plant capacity point of view.  In aqueous 

phase partitioning, during the conditioning of the 1st cycle strip product, hydrazine 

stabilized uranous is added marginally more than the stoichiometric requirement (about 

10% in excess) to convert all plutonium to Pu(III).  Subsequently when this conditioned 

feed solution is subjected to solvent extraction, as Pu(III) has a poor distribution co-

efficient in TBP, only U(VI) gets extracted leaving out Pu(III) and the excess U(IV) in the 

aqueous feed itself.  The extracted U(VI) is then stripped using dilute nitric acid which is 

the partitioned uranium product stream.  The Pu(III) left in the aqueous feed which is 

referred to as the partitioned plutonium product stream, had  undergone one cycle of 

solvent extraction lesser when compared to the uranium stream.  Hence it requires more 

purification from fission products and other associated impurities. 

The U(IV) which is the reducing agent used in the partitioning cycle may be added 

externally or may be generated in-situ by electrolysis.  The former method refers to the 
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chemical partitioning cycle and the latter is referred as the electrolytic/electrochemical 

partitioning. 

 

2.4.5. Chemistry of the uranium purification cycle 

The partitioned uranium product stream may contain some traces of plutonium and fission 

products which need to be further purified.  This is done by solvent extraction using 30% 

TBP in n-dodecane as the solvent to obtain the purified uranyl nitrate solution (UNS).  

Depending on the levels of plutonium concentration, hydrazine stabilized uranous is also 

used to get the required decontamination from plutonium to enable the qualifying of final 

U3O8 product to be handled in fume hood type of containment.  The UNS is then taken for 

reconversion operations for converting them to U3O8 through precipitation. 

 

2.4.6. Chemistry of the plutonium purification cycle 

The partitioned plutonium product stream depending on whether the partitioning is carried 

out by organic or aqueous phase partitioning will have certain amount of fission products 

as contaminants.  In the case of aqueous phase partitioning since the plutonium stream is 

subjected to one cycle of solvent extraction lesser as compared to its uranium counterpart, 

the plutonium stream will be relative more contaminated with the fission products.  

Therefore it is taken to the plutonium purification cycles for further decontamination from 

fission products by employing a 20% TBP solution as the solvent to obtain the purified 

plutonium nitrate solution (PNS).  When the amount of plutonium in the spent fuel is as 

high as in the case of FBRs, the plutonium purification cycles becomes more essential for 

not just purifying the plutonium product stream, but also to deliver a concentrated purified 

plutonium feed to the plutonium reconversion (PuRC) lab.  This helps especially in two 

important ways. One is by making the PuRC feed concentrated and hence the % loss of 

plutonium during precipitation is reduced and secondly in reducing the work load of the 

laboratory personnel by reducing the volume of feed to be processed and thereby also 

leading to a reduction in the manrem expenditure. 

 

The first step in this cycle is to condition the feed with respect to plutonium valency as 

plutonium is present in its third valency in the partitioned plutonium product stream.  This 

is carried out similar to the feed conditioning step explained in section 2.4.2.  The product 

stream obtained at the end of the plutonium purification cycle is the PNS which would be 
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sent to the plutonium reconversion lab to obtain the final PuO2 product. 

 

2.4.7. Chemistry of the tail-end processes during reprocessing 

The uranium and plutonium reconversion operations wherein the purified nitrate solutions 

of uranium and plutonium are converted to their respective solid oxide products through 

precipitation process is referred to as the tail-end processes in a spent nuclear fuel 

reprocessing plant. 

 

2.4.12.1. Chemistry of plutonium reconversion operation 

In the plutonium reconversion section, the feed PNS is conditioned to a concentration of 

3.5 M nitric acid ensuring all the plutonium to be present in their +4 valency for 

quantitative precipitation.  Oxalic acid is the precipitant used which is mixed with the 

conditioned feed in a definite proportion to precipitate all plutonium as Pu(IV) oxalate 

hexahydrate quantitatively.  The reaction takes place as per the following equation. 

 

Pu(NO3)4 + 2H2C2O4 + 6H2O → Pu(C2O4)2.6H2O ↓ + 4HNO3 (2.33) 

 

The plutonium oxalate precipitate obtained is then filtered, dried and calcined to obtain the 

final PuO2 product.  The reactions taking place during calcination are given below. 

 

Pu(C2O4)2.6H2O → Pu(C2O4)2 + 6H2O (2.34) 

Pu(C2O4)2 +O2 → Pu(CO3)2 + 2CO2 (2.35) 

Pu(CO3)2 → PuO2 + 2CO2 (2.36) 

 

The rate of addition of feed, precipitant, intensity of mixing and temperature of the 

reaction mixture plays an important role in deciding the physical properties of the 

precipitate obtained. 

 

2.4.12.2. Chemistry of the uranium reconversion operation 

In the uranium reconversion operation, the UNS received from the uranium purification 

cycle is taken for precipitation of uranium as ammonium diuranate (ADU) by using liquid 

ammonia as the precipitant.  The precipitation reaction takes place as per the following 

stoichiometric equation. 
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2UO2(NO3)2 + 6NH4OH → (NH4)2U2O7
∗↓ + 4NH4NO3 + 3H2O (2.37) 

 

The ADU precipitate is then filtered, dried and calcined to get the final oxide product 

which is a mixture of UO3 and UO2.  The reactions taking place during calcination are 

given in the following equations. 

 

(NH4)2U2O7 → 2UO3 + 2NH3 + H2O (2.38) 

(NH4)2U2O7 + 2H2 → 2UO2 + 2NH3 + 3H2O (2.39) 

 

In reprocessing plants, the calcination of ADU to obtain uranium oxide is normally carried 

out at about 773 K in the presence of air.  Hence it is the reaction 2.38 which takes place 

predominantly.  Thus the final oxide product obtained is a mixture of UO3 and UO2 which 

is normally referred as U3O8 (2UO3 + UO2). 

 

2.5. Options for the dissolution of spent nuclear fuel in aqueous media 

The primary purpose of the dissolution process step during the reprocessing of the spent 

nuclear fuel is to convert the spent fuel material to a suitable chemical and physical form 

that enables easy recovery of the fissile material present in them in the downstream 

process steps.  As liquid is the most preferred physical form for the ease of its handling, 

dissolution aims at converting the spent fuel into their liquid form.   

Among the various techniques available for separation of the species of our interest from a 

whole lot of material as is the case of spent nuclear fuel reprocessing wherein uranium and 

plutonium are separated from all the fission products practically comprising of all the 

elements in the periodic table, solvent extraction is the most preferred technique.  This is 

because the technique is simple and amenable for commercial scale engineering with 

remote operations70. 

The next choice to be made is for the medium of dissolution.  The oxide form of the 

nuclear fuel materials are ceramic and are generally known to be chemically inert.  Hence 

to dissolve them we need strong mineral acids.  The choices in that sense are limited to 

hydrochloric acid, nitric acid, and Sulphuric acid.  Though there are processes like 

∗ ADU – Ammonium diuranate is a compound of variable composition and is sometimes expressed as 
NH3(UO3)2.3H2O or as UO2(OH)2.xH2O.yNH3 where x and y depend on production conditions. 
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Sulfex71 and Darex72 wherein Sulphuric and aquaregia were used respectively during the 

dissolution either for chemical decladding or the dissolution itself, these processes have 

their own problems in terms of the stability of the resulting actinide sulphates or the 

corrosive nature of the solvent in the case of chlorides73.  It was also found that TBP does 

not selectively extract actinides as their chlorides74. 

One of the main reasons for not employing sulphuric acid as the medium of dissolvent in 

nuclear fuel reprocessing is the fact that UO2 has poor solubility in it and also the 

inextractability of U(VI) sulphates by TBP75, 76.  Similarly HF could not be used because 

of the insolubility of UF4.  Thus nitric acid turns out to be the most preferred mineral acid 

for the dissolution of oxide nuclear fuel materials during its reprocessing. 

 

2.6. Importance of studying UO2 and MOX dissolution kinetics 

The INPP is presently in the beginning of the second of its three stages wherein FBRs are 

going to be the predominant nuclear power producing reactors.  As emphasized earlier in 

this thesis, the success of FBR program is very much dependent on how efficiently and 

quickly its spent fuel is reprocessed and put back into the reactor for power production.  

As MOX is going to be the driver fuel at least for the initial FBRs, it is important to study 

their behavior during reprocessing particularly its dissolution in nitric acid.  By 

understanding the dissolution behavior of these fuel materials in nitric acid, one could get 

deeper insight into their dissolution kinetics which is the basic input data required for 

designing the continuous dissolution system for this fuel.  For the commercial scale 

reprocessing of these fuel materials, it is desirable to have continuous process systems as 

they reduce the overall inventory of the fuel materials outside the reactor in the entire 

nuclear fuel cycle.  This would auger well for the safety of the processing and also would 

help in having better control over the nuclear material accounting.  The continuous 

dissolution system also increases the overall plant capacity in addition to shrinking the 

floor space occupancy of the plant in comparison to batch mode of operation. 
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CHAPTER 3. Literature review on the dissolution of nuclear 

fuel materials 
 

3.1 Introduction 

The dissolution of nuclear fuel materials in its various chemical forms in different solvent 

medium under varied conditions has been a topic of research among the entire nuclear 

technology fraternity world over ever since the nuclear energy was seen as one of the 

potential option in meeting the ever growing energy demand of the humans.  Hence prior 

to starting any research work in this topic it is important to assimilate the information 

available in the literature till date to plan the work systematically.  This saves a lot of time 

and energy while trying to achieve the set targets in the research work within the stipulated 

time.  This chapter consolidates the information prevailing in the literature on dissolution 

behaviour of urania and its mixtures with other actinide oxides in various acid media.  As 

the current topic is more relevant to MOX fuel dissolution in PUREX process, more 

emphasis is given for urania and (U, Pu) MOX fuel dissolution in nitric acid. 

 

3.2 Aqueous dissolution of urania, plutonia and their powders and pellets 

Urania, by far is the widely studied ceramic nuclear fuel material.  This is because; several 

of its properties are favorable for it to be used as a nuclear fuel1.  Most important of these 

are its stable structure right up to the melting point and excellent compatibility with 

cladding alloys2.  The most preferred method of reprocessing a spent/irradiated UO2 

nuclear fuel is the Purex process which is an aqueous based process. 

Before getting into the details of the literature relevant to nuclear fuel dissolution, Table 

3.1 provides a bird’s eye view of the chronological list of major works available in the 

literature till date along with the primary findings of each of the work as a ready reckoner.  

Only those works which yielded any major results with respect to the dissolution of 

nuclear fuel materials in oxide form in inorganic acids are covered in Table 3.1.  The text 

following Table 3.1 provides details of many other works to aid the reader to have a 

complete picture of the existing literature by extensively covering the information 

pertaining to oxide fuel dissolution wherein certain special methods were adopted for 

some specific tasks. 
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Table 3.1. Chronological list of important literature information relevant to 

nuclear fuel dissolution as on date 

S.No. 
Author/s; 

Main finding/s 

Other details 

Pellets shape 
Ea 

(kcal/mol) 

Kinetic 

expression 

[HNO3] 

(M) 
Additive 

Surface 

area 

(m2/g) 

1 

Taylor et al (1963) - 

Dissolution rate of 

UO2 pellets in nitric 

acid; 

Order of the reaction 

w.r.t. nitric acid 

UO2 pellets 

11.47 

(unstirred); 

13.44 & 

14.8±1.3 

(unstirred) 

- 3-10 - - 

2 
Blaine (1960); 

Dissolution of power reactor fuel cores was studied and the catalytic effect of uranyl ions was 

investigated 

3 

Shabbir and Robins 

(1968, 1969) - 

Kinetic studies of 

dissolution of UO2 in 

nitric acid; 

U4+ aided reaction 

mechanism 

UO2 

powder(0.003– 

0.3 µm) 

Sphere(100– 

500µm) 

7.33 

 

16.68 

- 

0.5-2 

 

2-10 

- - 

UO2 

pellet(D=0.25 

in, L=0.75 in) 

25.6 (650 

psi) 
- 4-10 - - 

4 
Zimmer and Merz (1984); 

Reaction mechanism for the dissolution of Th, U MOX in nitric acid was investigated 

5 

Inoue et. al. (1984 

and 1986) - Kinetic 

studies of dissolution 

of UO2 and U3O8 in 

nitric acid 

Reaction mechanism 

U3O8 powder 

(4.8 µm) 
16.94 - 4-10 - - 

6 
Ikeda et.al. (1993); 

Based on the 17O NMR studies on UO2 dissolution, U4+ aided reaction mechanism was investigated and a 

one electron transfer mechanism was proposed 

7 
Ryan and Bray (1980); 

Dissolution of PuO2 was studied and a thermodynamic explanation for the sluggish dissolution of PuO2 

over UO2 was given 

8 Fukasawa and Pellet(D=1 -  7.3 - - 
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S.No. 
Author/s; 

Main finding/s 

Other details 

Pellets shape 
Ea 

(kcal/mol) 

Kinetic 

expression 

[HNO3] 

(M) 
Additive 

Surface 

area 

(m2/g) 
Ozawa (1986) - Role 

of porosity on UO2 

pellets dissolution; 

Modeling 

methodology 

cm, 

L=1.1 cm) 

(initial) 

9 

Ikeda et.al. (1995) - 

Kinetic studies of 

dissolution of UO2 

powders in nitric 

acid; 

Speculated the role 

of nitrous acid and 

explained the mixing 

effect 

Powder (300– 

350 µm) 

14.22 

(18.9±1.6) 
- 6-9.5 - - 

 

10 

Uriarte and Rainey 

(1965) - Dissolution 

of high density MOX 

pellets in inorganic 

acids; 

Instantaneous 

dissolution rates and 

order w.r.t. nitric 

acid 

UO2 pellets 

((D=1.06 

cm, L=1.59 

cm) 

- - 2-10 - - 

MOX pellets  

(k CHNO3
4.05 

CHF,0
0.37) / 

CAl(NO3)3,0; 

k CHNO3
0.78 

CCd(IV), 0
0.58; 

k CHNO3
-0.13 

CHCl, 0
1.01 

4-14 

 

7-14 

 

2-14 

HF(0.005– 

0.1) 

Al(NO3)3 

(0.015–

0.3) 

Ce(IV) 

(0.0005–

0.5) 

HCl (0.1–

5) 

7.3×10−5 

11 
Berger (1990, 1992); 

Electrochemical studies of PuO2 dissolution was carried out and the reaction mechanism based on the 

redox reactions of MOX fuel was determined 

12 
Gelis et.al. (2011); 

Developed a method to dissolve plutonium rich MOX fuels aided by ozone using Am(VI)/Am(III) couple 

as mediators 
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S.No. 
Author/s; 

Main finding/s 

Other details 

Pellets shape 
Ea 

(kcal/mol) 

Kinetic 

expression 

[HNO3] 

(M) 
Additive 

Surface 

area 

(m2/g) 

13 
Harmon (1975); 

Dissolution of PuO2 aided by Ce(IV) and fluoride ions  was 

investigated to determine the reaction mechanism 

8 

KF(0.05) 

Ce(IV) 

(0.0125- 

0.05) 

- 

14 

Barney (1977) - 

Dissolution kinetics 

of PuO2 in HNO3/HF 

mixtures; 

Explanation for the 

surface attach of 

PuO2 by HF 

Powder 13 k CHF 10 
HF (0.05-

0.2) 
2.9 

15 

Miner et.al. (1969) - 

Dissolution of PuO2 

in nitric acid; 

Order of the reaction 

w.r.t. HF 

Circular 

coupons 
1.61 

k CHNO3
-0.048 

CHF,0
0.73 

1-5 
HF (0.01-

0.13) 
8.7x10-5 

16 

Horner (1977) - 

Cerium promoted 

oxidative dissolution 

of PuO2; 

Explored a method to 

dissolve plutonium 

rich MOX fuels 

Micro spheres 14.5 k CCe 4 

Ce(IV) 

(0.03-

0.12) 

1.2×10−2 

17 
Bjorklund and Staritzky (1954); 

Use of HCI and HI for dissolving PuO2 based fuels 

18 
Shakila et.al. (1987, 1989); 

Dissolution of PuO2 in HNO3/HF/N2H4 medium was carried out to demonstrate the feasibility of 

reductive dissolution of PuO2 using Fe(II)/Fe(III) couple 

19 
Fife (1996); 

Kinetics of PuO2 dissolution in HCl was carried out and a non-porous shrinking particle model was 

developed 

20 
Hirotomo Ikeuchi et.al. (2012); 

Dissolution behaviour of irradiated MOX fuel was studied and it was found that MOX containing beyond 

30-35% of PuO2 by weight does not dissolve completely in pure nitric acid 
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S.No. 
Author/s; 

Main finding/s 

Other details 

Pellets shape 
Ea 

(kcal/mol) 

Kinetic 

expression 

[HNO3] 

(M) 
Additive 

Surface 

area 

(m2/g) 

21 

Desigan et. al. (2017); 

NOX composition was measured during the course of UO2 dissolution under typical PUREX conditions 

for the first time and the reaction mechanism was determined based on this information.  The change in 

surface area of the pellet during dissolution was also estimated for the first time. 

Dissolution kinetics of simulated urania-ceria MOX was studied and understood under various 

conditions. 

MOX fuel dissolution was investigated under various conditions of acidity, temperature and mixing. 

Penetration and surface area based model equations were developed to explain the dissolution behaviour 

of all these fuels.  The model was validated using the experimental results and were found to explain the 

reaction satisfactorily. 

 

One of the earliest reported works on the dissolution of UO2 was carried out by Taylor et 

al3.  They had studied the dissolution of sintered uranium dioxide pellets in nitric acid at 

various temperatures and given the initial rate plots which indicate that, in the range of 2-

10 M nitric acid, the logarithm of the rate of dissolution is proportional to the 

concentration of nitric acid raised to the power 2.3-3.3, the precise value depending on 

temperature.  At concentrations greater than about 10 M, the logarithm of the rate was 

found to vary directly with the concentration of nitric acid.  The latter relationship was 

attributed to diffusional control. They also reported a decrease in reaction rate with 

increased stirring speed, reaching constant rate at about 400 RPM, which they conjectured 

to autocatalysis by nitrous acid formed during the reduction of nitric acid. 

Prior to this, Blain4 reported similar work on the dissolution of sintered UO2 pellets in 

nitric acid in which the logarithm of the rate was found to be proportional to the 

concentration of nitric acid raised to the power 1.2. An increase in dissolution rate with 

added uranyl nitrate was also reported. 

In 1984 Zimmer and Merz5 first speculated the oxidative dissolution of UO2 in nitric acid 

to proceed through the oxidation of U(IV) to U(VI) in the solid state.  This hypothesis 

gained momentum with the results published by Inoue et.al,6, 7 based on the kinetic studies 

of dissolution of UO2 and U3O8 in nitric acid.  They concluded that the rate determining 

step was the interfacial electron transfer reaction between solid UO2 and proton in the 

nitric acid solution. 

46 
 



Simultaneously there were studies conducted on the plutonium dissolution in nitric acid 

medium in the presence of fluoride ions8.  However, it didn’t provide much insight and 

was found to be of mere academic interest and gave very little direction to the plutonium 

dissolution in nitric acid medium. 

Subsequently Fukasawa and Ozawa9 of Hitachi, Japan studied the dependence on the acid 

concentration, temperature and porosity on the initial dissolution rate.  It was also found 

that air oxidation of the spent fuel to U4O9+x and unirradiated UO2 to U3O7 had no 

significant effect on the subsequent steady state dissolution rates of uranium10. 

Eary and Cathles11 have studied the dissolution reactions of UO2 in H2O2-SO4
2-H2O 

solution and proposed that a direct two electron transfer process between H2O2 and UO2 is 

the rate-determining step. 

Shabbir and Robins12, 13 proposed a mechanism for the dissolution of UO2 in nitric acid 

particularly in the lower acid concentration range by making use of the energetics known 

for the system.  They dissolved UO2 powder in nitric acid of varying concentration and 

generated the rate curves at different temperatures.  Based on thermodynamic 

considerations and the experimental results, they proposed a reaction mechanism initiated 

from the formation of U4+ ions, followed by the oxidation of U4+ to UO2+ or UO2
2+ with 

NO3
- and HNO2.  They carried out the dissolution reaction in the presence of sodium 

nitrite to confirm the catalytic role of nitrous acid. 

Inspired by all these results, Ikeda et.al14 carried out more studies to evaluate the 

mechanism for UO2 dissolution in nitric acid medium.  They ruled out the mechanism 

aided by the formation of U4+ as proposed by Shabbir and Robins based on the 17O NMR 

studies.  They concluded that the dissolution of UO2 is initiated by the two-electron 

transfer reaction between UO2 and oxidants in solid phase.  They also emphasized that if 

the rates of reactions between UO2
+ and oxidants are faster than that of the 

disproportionation of UO2
+ ions and the oxygen in UO2

+ is extremely inert, then the 

mechanism that the dissolution of UO2 is initiated from the one-electron  transfer between 

UO2 and oxidants in the solid phase is quite reasonable. 

Ikeda et.al15, in 1995 evaluated the dissolution kinetics of UO2 powder in nitric acid based 

on the assumption that the particles of UO2 powder are spherical and dissolves 

homogeneously from the external surface.  They explained the effect of stirring speed and 

temperature on dissolution rates of UO2 from the dependence of dissolution rate on the 

concentration of HNO2. The HNO2 concentration at the surface of UO2 pellets or powders 
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is the highest in an unstirred solution and decreases with increasing the stirring speed. 

Hence, the dissolution rates of UO2 become slow with an increase in stirring speed.  The 

dissolution rate of UO2 pellets in boiling HNO3 was typically found to be one-half to one-

fifth of that expected at the same temperature in the absence of boiling.  This was 

explained based on the fact that the HNO2 concentration in HNO3 solution becomes very 

low under boiling condition due to its self-decomposition reaction.  They also found that 

the dissolution rate of UO2 was not accelerated by UO2
+ ions. 

Keith16 in his doctoral thesis had come out with detailed explanation for the dissolution 

rate of PuO2 in HCl medium using Fe(II) as one electron transfer catalyst as an alternate 

route to nitric acid dissolution procedure. 

Steward and Mones17 in 1996 have modelled the intrinsic dissolution rates of UO2 under a 

variety of well controlled conditions.  The study was more relevant to a geologic 

repository.  Hence it didn’t gain the attention of the reprocessing domain.  But it certainly 

paved way for better modeling of dissolution rates of spent fuel and also remained to 

indicate the issues in U/Pu slippage in the waste streams. 

In 2004 Mineo et.al18, made an investigation into the dissolution rate of spent fuel in 

aqueous reprocessing.  They proposed a simple dissolution rate equation for the LWR fuel 

taking into account of cracks occurred during irradiation to estimate the initial effective 

dissolution area and the change in the area during dissolution. 

Subsequently, Heisbourg et al19 carried out leaching studies on thoria/urania MOX 

systems in nitric acid medium whose composition varied very widely.  They studied the 

effect of uranium content on the leaching behaviour. 

But all these studies were carried out from the point of view of final disposal of spent fuel 

rather than reprocessing.  Hence not much information could be derived out of them as 

such in the context of spent fuel reprocessing. 

For the plutonium rich MOX which are difficult to dissolve completely in nitric acid 

medium alone, it was felt that ultrasound is a good alternate method to improve the 

dissolution kinetics.  Hence studies were initiated to dissolve the refractory oxides like 

CeO2 and PuO2 by Sonochemistry20.  The initial studies aimed at producing free radicals 

generated by cavitation (bubble implosion) to obtain either the oxidative or reducing 

conditions required for PuO2 dissolution.  The results indicated that the dissolution rates 

were even lesser than employing reagents like Ag(II) and HF.  Later more investigation 

was carried out to test the effect of ultrasound on the dissolution of high fired PuO2
21.  
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Overall, the results indicate that applying ultrasound for the dissolution of refractory PuO2 

does not offer any substantial advantage over the conventional “heat and mix” treatment.  

Mixed oxide (MOX) fuel of urania and plutonia are typically used to drive fast breeder 

reactors.  The plutonium composition in the MOX fuel varies from about 10% to 30% by 

weight.  If plutonium exceeds this amount, it renders the fuel practically insoluble in neat 

nitric acid medium22. 

Most of the literature information on MOX dissolution were a result of investigation of the 

MOX fuel leaching characteristics during the long term storage of spent MOX 

fuel23, 24, 25, 26 from environmental safety point of view. 

 

3.3 Effect of various parameters on UO2 dissolution in nitric acid 

The factors which are generally expected to affect the dissolution kinetics of UO2 pellets 

in nitric acid were initial concentration of nitric acid, temperature, specific surface area of 

the initial pellets, rate of agitation of the reaction mixture etc.  Apart from this, there are 

many other parameters which tend to alter the dissolution kinetics.  Some of these are, the 

method of fabrication (powder metallurgy route, coprecipitation route etc.), the grain size 

of the starting material used for fabrication, the fabrication process conditions, the 

sintering temperature, the burnup etc.  The present work aims at understanding the role 

played by most of these parameters. 

The process conditions adopted during the fabrication of nuclear fuel were all well 

established and standardized.  Hence one could assume that these parameters are more or 

less the same while preparing all the types of nuclear fuel of a given chemical form (oxide 

or nitride or metallic etc.).  Hence we consider only those conditions which the spent fuel 

is subjected to during it reprocessing.  Influences of some of those key parameters are 

briefly explained in this chapter. 

 

3.3.1 Effect of initial concentration of the acid 

In general, the concentration of the acid is directly proportional to the dissolution rate.  But 

as chemical corrosion of the dissolver material is an important factor to be considered27, 

there has to be a proper balance between the maximum acidity to be used and the 

corrosion tolerance of the material of construction of the dissolver.  Generally for thermal 

reactor spent fuel (TRSF) processing, maximum concentration of acid used would be 

around 8 M28 while the plutonium rich FBR fuels demands higher acidity (11.5 M 
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approx.) due to its relatively sluggish dissolution in nitric acid medium29.  The results of 

the experiments presented in Chapter 5 would further emphasize this fact. 

 

3.3.2 Effect of mixing/agitation rate 

Mixing generally increases the rate of dissolution of any solid in liquid.  This is due to two 

reasons. The first is the supply of fresh liquid reactant to the solid surface which enhances 

the reaction rate (with the exception of auto-catalytic reaction) and the second is the 

roughening of the solid surface which increases the surface area and thereby the contact 

area between the solid pellet and nitric acid.  The solid surface morphology changes 

increasing the area of contact between solid and the liquid.  In the case of UO2, as it 

undergoes oxidative dissolution in nitric acid, the presence of nitrous acid (a strong 

oxidizing reagent) in equilibrium with nitric acid at all conditions alters the dissolution 

rate.  Many studies in the literature have shown mixing to have a negative effect on UO2 

dissolution rate in nitric acid10-15.  The same was also observed in the present work as 

reported in detail in Chapter 5.  The reason for this observation was found to be the 

dispersion of nitrous acid from the solid-liquid interphase to the bulk at higher mixing rate 

which makes nitrous acid to be unavailable at the reaction centre for accelerating it.  

Nitrous acid aids the dissolution of UO2 by the following reaction. 

 

UO2 + 2HNO2 + 2H+ → UO2
2+ + 2NO + 2H2O                 (3.1) 

 

The nitrous acid is again produced back in the system by the following reaction between 

NO2 and water. 

 

2NO2(aq.) + H2O → HNO3 + HNO2                  (3.2) 

 

3.3.3 Effect of temperature 

Temperature is generally proportional to the rate of dissolution of any solid in liquid.  

During the dissolution of UO2 pellets in nitric acid, a similar trend is observed.  However 

since UO2 undergoes oxidative dissolution, the invariable presence of nitrous acid, a good 

oxidsing agent, whose concentration depends strongly on temperature, makes the 

dissolution kinetics more complex.  This issue is also addressed in detail in Chapter five. 
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3.3.4 Effect of specific surface area of the pellets 

Generally for solids dissolving in any liquid, the area of contact between the dissolving 

solid and the solvent liquid strongly influences the dissolution rate.  The chemical reaction 

engineering treatment of a heterogeneous reaction between a solid and liquid in terms of 

shrinking particle model gives a very good account of the relation between the effective 

surface area of the solid to the rate of the dissolution reaction30.  This is dealt in detail in 

Chapter five. 

 

3.3.5 Effect of the presence of other ions/species 

UO2 dissolves in nitric acid oxidatively.  Hence the presence of any ions/species in the 

solution which accelerates or hampers this oxidation will accordingly influence the rate of 

the reaction.  The presence of nitrous acid along with nitric acid in equilibrium has long 

been established in the literature31.  Nitrous acid is a well-known oxidizing agent.  Hence 

its presence in the reaction mixture during the dissolution of UO2 in nitric acid is expected 

to accelerate the reaction depending on its concentration which in turn depends on 

temperature. 

 

3.4 Dissolution of PuO2 in nitric acid 

Pure PuO2 is never used as such during any operations involved in the nuclear 

technological industries world over.  Hence the dissolution of pure PuO2 has never 

existed as a pro cess requirement at any stage of the nuclear technological operations.  

The dissolution of pure PuO2 received more attention from the researchers world over 

only during the recovery of plutonium from undissolved residue from the dissolvers of 

reprocessing plants and also from some of the scrap materials in the nuclear industries. 

In contrast to UO2, PuO2 dissolves in HNO3 very slowly. Uriarte and Rainey32 observed 

that the instantaneous dissolution rate is proportional the fourth power of concentration 

of HNO3. However, in 10 M HNO3, the instantaneous dissolution rate of UO2 pellet is 

22.22 mg cm−2 min−1, while that of PuO2 is 1×10−3 mg cm−2 min−1. It is observed that 

PuO2 is practically insoluble in HNO3. Ryan and Bray33 supported this observation by 

showing that PuO2 is practically insoluble in nitric acid from a thermodynamic analysis. 

They justified the insolubility of PuO2 in non-complexing acid media based on the free 

energy which they had calculated for their dissolution experiments. They computed the 

standard free energy of the dissolution reaction to be ∆G°
313= 41 kJ/mol in low acidities 
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(< 5 M) and at the acid boiling point to be only slightly more favorable at ∆G°
373= −10.5 

kJ/mol.  They suggested for more studies to unravel the mechanism of PuO2 dissolution. 

Fast reactor fuel typically contains plutonium to about 10 to 30% by weight of the total 

heavy metal (THM), and for all the other reactors it is less. Thus, for the commercial 

success of the fast reactor fuel cycle technology, the dissolution of FRSF is a major step 

to be well explored. From the previous two sections and the references therein, it is well 

known that uranium based spent fuel dissolves relatively easily in nitric acid with simple 

heating, whereas addition of PuO2 (making it a MOX fuel) renders the dissolution more 

sluggish, which is proportional to its composition.  Once plutonium exceeds 35% of the 

THM, it was found to be difficult to dissolve it completely using nitric acid alone32, 34, 35. 

To enable the dissolution of such plutonium rich fuel, either electrolytic or addition of 

any strong oxidizing agents like hydrofluoric acid is normally required33. When scrap 

materials with relatively high plutonium is dissolved, which is normally a one-time 

campaign, dissolver vessel made of special material like Ti or Zr is used to make it 

chemically strong enough to withstand the highly corrosive nature of the chemicals 

required to dissolve it. 

In the Purex process, Pu(IV) is the most suitable oxidation state for its extraction by TBP 

solvent from the nitric acid medium. Hence after oxidative dissolution of PuO2, one has 

to reduce the resulting Pu(VI) ions to Pu(IV) which was found to be kinetically hindered 

in the nitric acid medium. This leads to the exploration of optimal methods to reductively 

dissolve PuO2 as oxidation of Pu(III) to Pu(IV) is a single electron transfer process 

without any bond cleavage and is kinetically more favored. In the following section, 

various methods of PuO2 dissolution in HNO3 with several promoters are described. 

 

3.5 PuO2 dissolution in aqueous acids with fluoride promoters 

The addition of small amount of fluoride promoters such as HF or KF in HNO3 solution 

is the most widely used method to dissolve PuO2 rapidly32, 33, 36. Although the addition of 

HF initially increases the dissolution of PuO2 by several folds, it slows down as the 

reaction progresses. One of the reasons might be the precipitation of plutonium 

tetrafluoride. Moreover, HF is corrosive to the process equipment and interferes in the 

solvent extraction steps of the reprocessing as found by Kazanjian and Stevens37. Several 

authors studied the kinetics of dissolution of PuO2 with fluoride promoters.  Barney38 

proposed that the reaction on PuO2 surface with the undissociated HF is the rate- 
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controlling step. Moreover, it was also observed that HF makes stronger complex with 

Pu(IV) to produce PuF+ complexes, and the dissolution rate decreases when the total 

concentration of Pu(IV) is greater than that of HF. Hence, they concluded that HF is 

getting consumed in stoichiometric quantity as the reaction proceeds, and its role is 

beyond a catalyst in the process. 

The analysis of the instantaneous dissolution rate (IDR) vs time data for pellet by Uriarte 

and Rainey32 indicates that the IDR is proportional to the fourth power of concentration 

of HNO3, and the 1.31th power of HF concentration. On other hand, Barney38 studied the 

dissolution of PuO2 powder in HNO3, and HF mixture using the kinetic data. The 

experimental data were obtained in the regime of kinetically controlled zone via 

eliminating the stirring speed as a variable. The experiments were performed above 400 

rpm.  The effects of surface area, HF and HNO3 concentrations and temperature on the 

initial dissolution rate were also studied to develop a rate expression. They observed that 

the initial rates are the same for different concentrations of HNO3 and hence, HNO3 was 

not considered in the rate-determining reaction step. Further, they noticed that the 

measurement of fluoride on the PuO2 surface during the dissolution indicates that some 

fraction of fluoride gets adsorbed on the surface, and it is not sensitive to the total HF 

concentration. Hence, it was postulated that the rate of reaction could be expressed as a 

function of non-complexed HF. The rate equation was given by r=kCHF, where CHF is 

the concentration of non-complexed HF.  Under the assumption that the reaction over the 

surface proceeds uniformly for the particles of identical size and shape, and temperature 

data, the activation energy was computed as 13 kcal/mol, which is similar to that 

reported by Barney38. The analysis of experimental data of Bray et al.39 and Miner et 

al.40 show that the dissolution rate is proportional to 1.2th and 0.73th power of the initial 

concentration of HNO3 and HF, respectively.  In case of Miner et al., it could be seen 

that dissolution rate is around zeroth power of concentration of HNO3, which is in line of 

the reasoning of Barney. However, the activation energy value of 1.61 kcal/mol indicates 

a diffusion controlled process, which is in contrast to the observation of Barney38. 

In contrast to the above authors, Kazanjian and Stevens37 found that the dissolution of 

PuO2 increases when HF concentration was increased up to 0.2 M. Above 0.2 M, the 

dissolution rate showed a decrease. The data analysis of Kazanjian and Stevens37 data 

indicates that the behavior of the experimental data could be described by a rate 

expression with an inhibiting term as follows. 

53 
 



 

HF,0.C2k1
HF,0.C1k

+                     (3.3) 

 

The experimental data are used to compute the values of rate constants k1 and k2 for 

0.05–0.5 M HF concentrations. The obtained values of k1 and k2 are 7.38 × 10−5 (m/sec), 

and 3.56 M−1, respectively.  It should be noted that HF concentration is less than 0.2 M 

for the case of Barney38, Miner et al.40, Uriarte and Rainey32 and Harmon32, 41. In this 

concentration range of HF, the dissolution rate is approximately first order as the 

inhibition term has negligible influence on the rate. However, above 0.2 M HF, the 

inhibition term becomes significant and hence, the dissolution rate decreases42, 43, 34.  

Kazanjian and Stevens37 observed that PuF4 started to precipitate in the solution above 

0.2 M HF. Moreover, at 0.7 and 1 M HF concentrations, high amount of PuF4 was found 

in the undissolved residue. This indicates that the PuO2 dissolves rapidly in the solution, 

and immediately precipitates as PuF4. Barney38 had also observed the precipitation of 

PuF4 when the total concentration of HF is greater than 0.1 M. However, they noted that 

PuF4 redissolves again with time as more plutonium is dissolved. Moreover, they also 

observed that PuF+2 and PuF+ complexes are present in significant quantities in the 

solution for the concentration of HNO3 below 10 M. 

As part of a study to systematically evaluate the dissolution behavior of several different 

actinide oxides, Berger40, 44 utilized carbon paste electrochemical techniques and 

considered the following general dissolution mechanisms for PuO2: (i) with no redox 

reaction, producing the Pu(IV) species in solution, (ii) by oxidation, producing either 

Pu(V) or Pu(VI), and (iii) by reduction, producing Pu(III). Although oxidative 

dissolution of PuO2 is theoretically observed for the electrochemical electrode potentials 

above 1.43 V and 1.22 V, respectively leading to the formation of Pu(V) and Pu(VI), 

only the reductive dissolution path has been shown to be thermodynamically favorable in 

non-complexing acidic media. 

 

3.6 PuO2 dissolution in HNO3–Ce(IV) solution 

The slower dissolution kinetics of PuO2 is well established.  Hence there was a strong 

need to develop alternative methods to quantitatively dissolve PuO2 rapidly without 

opting for any corrosive reagents like HF. Thus, redox chemistry became important and 
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led to many industrial improvements. Initially, Ce(IV) was used as a promoter to 

enhance the performance of HF based processes for dissolving plutonium rich scrap 

materials for the recovery of plutonium32, 45. Berger40, 44 experimentally determined the 

half-cell potential of Ce(IV)-Ce(III) couple which paved way for more exploration of this 

method for the dissolution of plutonium rich spent nuclear fuel.  Harmon41 noted that 

oxidization of Pu(IV) to Pu(VI) by Ce(IV) is given by the following mechanism: 

 

2Ce(IV ) + Pu(IV ) → Pu(VI) + 2Ce(III)                   (39) 

 

Uriarte and Rainey32 also studied the effect of addition of Ce(IV) on the dissolution rate. 

They added ceric ammonium nitrate as source of Ce(IV). They observed that the 

dissolution rate increased by the addition of Ce(IV) in 2 M HNO3 solution.  The rate was 

also found to be proportional to Ce(IV) concentration. However for solutions with higher 

concentration of HNO3, the rates were found to be independent of Ce(IV).  However, it 

was noted that the rate of reaction was still low for all practical applications. The analysis 

of the data shows that the dissolution rate is proportional to the 0.78th power of HNO3 

and the 0.58th power of Ce(IV) concentration. 

It has been observed that the addition of Ce(IV) into HNO3 increases the instantaneous 

dissolution rate. However, Harmon41 observed that in HNO3–KF solution, the dissolution 

rate was directly proportional to the concentration of Ce(IV) till 0.025 M and the 

dissolution decreases above the concentration of 0.025 M. This result is in contrast to 

that obtained by Horner et al45. This phenomenon could be attributed to the ratio of KF to 

Ce(IV). It was observed that at a KF to Ce(IV) ratio of 1, the mixed system dissolves less 

than with the promoter alone. It was observed that mixed Ce(IV) and KF system at 

certain KF/Ce(IV) yields better results than with either of additives alone. This indicates 

the importance of ratio optimization for optimal dissolution rate. Moreover, the 

stoichiometric amount of Ce(IV) is needed for complete dissolution of PuO2, which 

indicates that the Ce(IV) does not behave as a catalyst in the process.  Hence, the higher 

concentration of Ce(IV) is required to dissolve high amount of PuO2. It was shown that 

there is marginal effect of Ce(III) on the dissolution of PuO2. Moreover, hydrothermal 

precipitation of CeO2 under pressure and high temperature was observed during the 

experiments with low concentration of HNO3 (< 2 M).  Using the experimental data of 

Horner et al.45, it was found that the dissolution rate is proportional to the 1st power of 
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Ce(IV) concentration. The activation energy of 60 kJ/mol was computed from the 

dissolution rate vs temperature data. This result indicates the intrinsic kinetics is the rate 

controlling step, which is also the case for HNO3–HF system. 

 

3.7 PuO2 dissolution in HNO3 with other additives 

Various oxidizing agents, Ag(II)–Ag(I) and Co(III)–Co(II) etc., are added to oxidize 

Pu(IV) to Pu(VI) to prevent the formation of PuF4 and to enhance the dissolution rate46, 47. 

Kazanjian and Stevens37 observed that several oxidizing agents enhance the dissolution 

rate, particularly, Ce (IV) and Ag(II). They also observed that the dissolution is the 

kinetically controlled.  Gelis et al48 investigated Am(V)/Am(III) and Am(VI)/Am(III) 

couples as mediators of the oxidative dissolution of PuO2 instead of foreign redox couples.  

Americium dioxo cations were generated by ozonation of solutions containing Am(III). 

They found that Am(III) increases the dissolution rate and it may be a promising 

alternative to the external additives.  With ozone as an oxidizing agent, Uriarte and 

Rainey32 observed that there is a marginal increase in the dissolution rate.  However, at 

higher concentrations of HNO3, Ce(IV) and ozone were reduced rapidly due to their 

limited stability and hence were not available for catalyzing the reaction.  They also used 

additives such as H2O2, Na2Cr2O7, NaNO3 and LiNO3. However, they found that there is 

no effect of these additives on the dissolution rates. 

Bjorklund and Staritzky49 in their work on reactivity of PuO2 had already indicated the 

feasibility of this method using a mixture of hydrochloric acid and iodide. Berger40, 44 

estimated the PuO2(s)/Pu(III)(aq) couple’s standard potential which paved way for the 

studies on Cr(II)/Cr(III) couple in sulphuric acid media to be used for the PuO2 

dissolution. The work of Shakila et al50 in HCl media using Fe(II)/Fe(III) couple also 

demonstrated the feasibility of the reductive dissolution of PuO2. In this work, it was 

found that the dissolution took place vigorously as long as Fe(II) was available. Hence, 

hydrazine was used which prolonged the availability Fe(II) by reducing Fe(III) and 

thereby the dissolution reaction. Shakila et al51 also reported the improved dissolution in 

HNO3-HF medium in the presence of hydrazine. Fife16 carried out detailed kinetic study of 

PuO2 dissolution in HCl media using ferrous as electron transfer catalyst. They modeled 

the reaction using the classical non-porous shrinking spherical core model and found the 

dissolution to be kinetically controlled. 

 

56 
 



3.8 Dissolution of PuO2 in medium other than nitric acid 

Mineral acids other than nitric acid are generally not used in any process steps involved 

in the nuclear fuel cycle because of various processes and the materials safety related 

issues.  But as mentioned in the preceding section, as PuO2 does not dissolve completely 

in nitric acid medium, there was a necessity to check the feasibility of complete 

dissolution of PuO2 in other acids, especially when it comes to recovering PuO2 from 

certain scrap material wherein the levels of plutonium present are higher than the 

acceptable limits. 

Fife16 carried out dissolution studies of PuO2 in a non-traditional HCl-Fe(II) system as an 

alternate to nitric acid medium for rapid dissolution.  Fe(II) here was used as an electron 

transfer reagent which reduces plutonium in PuO2 to Pu3+ which goes into the solution.  

Cyclic voltammetry was employed as an in-situ analytical technique to monitor the 

reaction progress.  The work was carried out mainly to separate plutonium from various 

matrices which has chlorides in them.  Hence the study is very specific and couldnot be 

applicable in general to the reprocessing of the spent nuclear fuel.  The work was an 

extension to the work carried out by Shakila et al51 who employed Fe(II) as the reducing 

agent for the electrolytic dissolution of PuO2.  Hydrazine was used in this work to 

regenerate the Fe(II) in-situ by reducing Fe(III). 

 

3.9 Dissolution of MOX fuel in nitric acid 

Primarily two types of MOX fuels are used in the field of nuclear technology, namely, 

urania thoria MOX and urania plutonia MOX.  They are also used in various compositions 

for different purposes.  This section provides an account of the dissolution behaviour of 

these MOX fuels in nitric acid medium. 

 

3.9.1 Dissolution of urania, plutonia MOX fuel in nitric acid 

MOX fuel of urania and plutonia are typically used to drive fast breeder reactors.  The 

plutonium composition in the MOX fuel varies from about 10% by weight to about 30%.  

If plutonium exceeds this amount, it renders the fuel practically insoluble in neat nitric 

acid medium22, 51.  Most of the literature articles on MOX dissolution were a result of 

investigation of the MOX fuel leaching characteristics during the long term storage of 

spent MOX fuel23, 26, 52, 53 from environmental safety point of view. 

First detailed work on the dissolution of urania, plutonia MOX fuel was done by Uriarte et 
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al32.  They have investigated the dissolution behaviour of both unirradiated and irradiated 

MOX with 20% PuO2 and rest UO2 by weight in nitric acid.  They have attributed the 

sluggish kinetics of MOX fuel in nitric acid predominantly to the fuel fabrication 

methodology and its process conditions.  MOX fuel fabricated through coprecipitation 

route has much faster dissolution kinetics as compared to those fabricated through powder 

metallurgy methods.  Also they have observed that co-precipitated fuel goes to dissolution 

completely as against the MOX obtained by powder blending route.  They have also found 

that the process conditions like sintering temperature and time influences the dissolution 

kinetics to a greater extent.  They have also found out that under the experimental 

conditions of their work, the irradiated MOX fuel was found to dissolve about five times 

faster than their unirradiated counterpart.  They have estimated the initial dissolution rates 

of the above mentioned unirradiated and irradiated MOX fuel in nitric acid to be about 1 

mg cm-2 min-1 and 3 mg cm-2 min-1 respectively. 

 

3.9.2 Dissolution of urania, thoria MOX fuel in nitric acid 

Thoria based MOX nuclear fuels are considered as a potential advanced fuel for 

generation IV nuclear reactors54, 55.  Thoria based driver fuel for nuclear reactors leads to 

lower production rates of minor actinides56.  Thoria based fuel also offers many 

advantages like potential to burn weapon grade plutonium57, higher capability to resist 

aqueous corrosion58, 59 and isomorphism with other tetravalent actinide dioxides60.  Hence 

the presence of thoria in the MOX fuel coupled with its low solubility, direct disposal of 

spent fuel in deep geological repository is a viable option. 

 

The relatively low normalized rate of dissolution of thoria based fuels had prompted many 

groups across the globe to study its dissolution kinetics in a quest to design processes for 

its acceleration61, 62.  In all these, several dissolution experiments were carried out on Th1-

xUxO2 solid solutions with several mole ratios of uranium and thorium ranging from 

x=0.24 to x=0.81.  All these work emphasized more on the kinetics of dissolution and least 

priority was given towards the thermodynamics of these fuel systems.  Hence slowly after 

few years these processes were discontinued.  Subsequently, Heisbourg et al63 carried out 

leaching studies on thoria/urania MOX systems in nitric acid media whose composition 

varied very widely.  They studied the effect of uranium content on the leaching behaviour.  

But all these studies were carried out from the final disposal of spent fuel point of view 
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and not from the viewpoint of their dissolution during reprocessing.  Hence not much 

information could be derived with respect to spent fuel reprocessing. 

 

3.10 Other means of dissolving nuclear materials 

Heating in hot concentrated nitric acid is the most preferred method of dissolving nuclear 

fuel, especially the plutonium and thorium based MOX fuels, as they are highly inert at 

ambient conditions.  At various juncture in the past, different methods other this has been 

deployed with an aim to increase their dissolution rate.  This section gives a brief account 

of those methods. 

 

3.10.1 Chemical dissolution using reagents other than nitric acid 

Uranium oxide dissolves comparatively easily than its plutonium and thorium 

counterparts.  Therefore during the dissolution of any UO2 materials, it was never needed 

to add any foreign reagents in the form of oxidizing or reducing agents for accelerating the 

dissolution rate.  But when UO2 containing MOX was dissolved wherein one component 

is either PuO2 or ThO2, some undissolved residue rich in plutonium or thorium as the case 

may be would always remain.  One common mode of dissolving these residues is to heat 

them in concentrated nitric acid in the presence of strong oxidizing agents like HF64.  

Generally these left over undissolved residues from the main dissolver vessel will be 

removed and treated with a strong oxidizing agent in a specially designed vessel called the 

super dissolver65.  The material of construction of this super dissolver is chosen to 

withstand the strong corrosive chemical environment during the dissolution of the 

residues.  Hence this method is not employed for regular processing.  Generally they are 

adopted whenever any plutonium rich scrap material had to be dissolved for their 

processing or prior to the disposal of any material containing some residual plutonium in it 

that has to be recovered. 

For thorium containing fuels, dissolution in 11 M HCl + 0.01 M SiF6
2- was attempted in 

France66 to design an anion exchange separation process feasible, but no satisfactory 

results could be achieved since a complete dissolution of the fuel could be accomplished 

only by using the THOREX reagent [13M HNO3 + 0.05M HF + 0.1M Al(NO3)3].  Prior to 

this dissolution, catalysts like sulphate and phosphate ions were added for complexation 

purpose but were discontinued subsequently as their disadvantages outweighed the 

advantages67
, 

68. 
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Whenever the cladding material of the fuel used was other than SS, for (e.g.) Zr and Al 

alloys, dissolving medium other than nitric acid was proposed primarily to dissolve the 

clad for exposing the fuel to the dissolvent for their dissolution.  This is called the 

chemical decladding method.  Some of such methods were Darex69, which uses aqua 

regia; Zirflex70, which uses ammonium fluoride - ammonium nitrate mixture and Sulfex20, 

which uses sulfuric acid. 

 

3.10.2 Sonochemical or Ultrasound aided dissolution of nuclear fuel materials 

A concise and complete account of the potential applications of Sonochemistry in the 

spent nuclear fuel reprocessing operations have been given recently by Nikitenko et al71 

which also gives a brief account of the ultrasound aided dissolution of spent fuel.  

For the plutonium rich MOX or neat PuO2 materials which are difficult to dissolve 

completely in nitric acid medium in the absence of any additive, it was felt that ultrasound 

as an alternate method would improve the dissolution kinetics20, 72.  Many previous studies 

have shown the advantages of ultrasound to over activate the surface of solids72-83. The 

intensification of mass-transfer near the solid–liquid interface and the erosion of solids 

under ultrasound are explained by the asymmetric collapse of cavitation bubbles that leads 

to micro jet impact at the solid surface73. 

A promising example of sonochemical dissolution was reported for metallic plutonium in 

HNO3–HCOOH mixture74. Dissolution of plutonium metal in HNO3 medium is an 

important process for the preparation of MOX nuclear fuel and plutonium reference 

solutions75. Plutonium metal is known to dissolve very slowly in HNO3 at any 

concentration because of passivation76. It was reported that plutonium and Pu–Ga alloys 

could be dissolved in HNO3–HCOOH mixtures. In a 3.5 M HNO3–3 M HCOOH mixture 

at ambient temperature, the dissolution rate under mechanical stirring was found to be 

100–200 mg.min-1.cm-2. However, under these conditions potentially explosive denitration 

may occur during dissolution. This troublesome effect of denitration is not observed in 

more dilute HNO3, but the rate of metal dissolution also decreases considerably at lower 

concentration of HNO3. Moreover, significant amount of insoluble sludge is formed after 

dissolution under these conditions.  It was found that plutonium dissolution rate in 0.5 M 

HNO3–1 M HCOOH mixture is dramatically accelerated under the effect of 20 kHz 

ultrasound.  Explosive denitration does not occur at such concentrations of acids even 

under strong heating. 
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A kinetic study revealed 24-fold acceleration of dissolution at the relatively low ultrasonic 

intensity of 1Wcm-2 and at room temperature. Therefore, ultrasonic treatment not only 

provides a safe dissolution process, but also significant enhancement of the dissolution 

rate. Furthermore, it was found that the fresh insoluble residue after plutonium dissolution 

(-5%) could be dissolved sonochemically by increasing the ultrasonic intensity and 

concentration of HNO3. Sludge dissolution is accompanied by oxidation of Pu(III) to 

Pu(IV), probably due to the reaction with HNO2. 

It was concluded that the mechanism of sonochemical plutonium metal dissolution is 

related to the intensification of mass transfer at the metal–solution interface, caused by 

acoustic cavitation and removal of passivating film from plutonium surface owing to the 

surface erosion induced by bubble asymmetric implosions. 

Dissolution of PuO2, is another notoriously difficult but important process in nuclear fuel 

recycling. Until the 1980’s the primary method for dissolving PuO2 was based on the long 

boiling of the oxide in HNO3–HF mixture under reflux condition. Such a method suffers 

from two main drawbacks: (i) the reaction is very slow, especially for high temperature 

fired oxides with low specific area, and (ii) highly corrosive solutions are generated owing 

to the presence of fluoride ions, which raises the problems of safe effluent management. 

Since PuO2 could also dissolve in aqueous solutions as oxidized or reduced forms, i.e., as 

Pu(VI) and Pu(III) respectively, new concepts based on redox reactions were developed 

subsequently.  At present, the best industrial process is consistent with the use of 

electrogenerated Ag(II) ions which induce an oxidative dissolution of PuO2 in HNO3 

medium77. Unfortunately, such a process is not very efficient for treating PuO2 bearing 

organic waste. This drawback has been overcome by using reducing species (Cr(II), 

Ti(III)) in non-oxidizing acidic media like H2SO4 or HCl78. However, these acids are not 

compatible with the PUREX process. 

The effect of ultrasound at 20, 500 and 1700 kHz on the dissolution of CeO2 and PuO2 in 4 

M HNO3 solutions was studied subsequently21. Cerium oxide was used as a non-

radioactive surrogate for PuO2
79, 80. The authors have observed a strong reduction of the 

particle grain size at 20 kHz, which did not take place at 500 kHz but appeared again to a 

smaller extent, at 1700 kHz. At low frequency the initial dissolution kinetics was 

accelerated only to about 3–4 times compared to dissolution under mechanical stirring. At 

high frequency ultrasound the effect on the dissolution rate was even weaker than that at 

20 kHz. 
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The strongest effect of ultrasound (15-fold acceleration) was observed in 1–4 M HCOOH 

solutions at the frequency of 1700 kHz. This result was attributed to the reductive 

dissolution of PuO2 with the species formed after formic acid sonolysis.  Hence studies 

were initiated to dissolve the refractory oxides like CeO2 and PuO2 by Sonochemistry41.  

The initial studies were aimed at producing free radicals generated by cavitation (bubble 

implosion) to obtain either the oxidative or reducing conditions required for PuO2 

dissolution.  The results though indicated that the dissolution rates were even lesser than 

employing reagents like Ag(II) and HF. 

Later more work was carried out to test the effect of ultrasound on the dissolution of high 

fired PuO2
21.  Overall, the results indicate that applying ultrasound for the dissolution of 

refractory PuO2 does not offer any substantial advantage over the conventional “heat and 

mix” treatment. 

 

3.10.3 Photochemical dissolution of nuclear fuel materials 

Some researchers have studied the photochemical dissolution of UO2 powders and pellets 

in nitric acid medium in an effort to develop an alternate method for dissolution in milder 

conditions like low concentration of nitric acid and/or at ambient temperature.  Based on 

their studies, Wada et al81 initially proposed that in the photochemical aided dissolution of 

UO2, the nitrate ions present in nitric acid gets excited by absorbing the photochemical 

radiation whose redox potential is much higher than the unexcited one.  This leads to 

faster dissolution rate than in the dark condition.  The work of Sasaki et al82 further 

emphasized these findings.  Later, Kim et al83 came up with more elaborate mechanism for 

the photochemical dissolution of UO2 in nitric acid.  They summed up their findings as 

follows. 

 

1. Photochemical conditions certainly increase the rate of dissolution of sintered UO2 

pellets in nitric acid than in dark conditions 

2. Compared to sintered pellets, sintered particles dissolve much faster due to the 

increased surface area 

3. Presence of other elements such as Cs, Sr, Zr, Mo, Ru and Nd increases the rate of 

photochemical dissolution further 

4. The increased rate is due to the NO2 radical and nitrite ions that are generated and 

not due to the excited nitrate ions as suggested by Wada et al81. 
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But considering the engineering challenges involved in setting up these photochemical set-

ups in radioactive hot cells and the chemical and radiation resistance of all the components 

involved in this set-up, further studies on photochemical dissolution of nuclear materials 

weren’t pursued seriously.  Moreover presence of plutonium in the actual spent fuel will 

complicate the photochemical dissolution process further. 

 

3.10.4 Microwave assisted dissolution of nuclear materials 

Microwave heating has a number of unique advantages over conventional heating84, 85. 

These include non-contact rapid heating, reduced processing costs, material selective 

heating, volumetric heating, uniform heating, quick start-up and stopping.  The less 

expensive and easily controllable design and construction of the microwave systems over 

the conventional methods makes it more suitable for automation with inherently higher 

level of safety.  The easily achievable waveguide makes the industrial scale construction 

of microwave systems more expedient.  Its unique internal heating phenomenon could lead 

to products and processes that could not be achieved by conventional methods. 

When it comes to the nuclear industry, microwave has been primarily employed in fuel 

fabrication for the sintering of the fuel pellets, conversion of highly enriched uranium to 

uranium oxides86, 87, co-conversion of mixed nitrate solutions to MOX for better 

proliferation resistance88, 89, analysis of uranium elements and waste management 

operations90 and so on.  In order to explore a new concept of head-end process for the 

treatment of spent fuel from high temperature gas-cooled reactor (HTGR), the dissolution 

of UO2 particles in the nitric acid solution by microwave heating was compared with 

conventional heating91.  The studies indicated that (1) Microwave heating could promote 

the dissolution of UO2 particles in nitric acid 10 to 40% higher compared with 

conventional heating92, (2) the dissolution reaction was consistent with the diffusion 

control model93 and with the surface control model by conventional heating, (3) The 

diffusion control model for the dissolution of UO2 particles by microwave heating could 

be explained by the diffuseness on the surface of UO2 particles. The dissolution is so deep 

on the surface by microwave heating that the products may not diffuse in good time.  

There were also studies carried out for the microwave assisted dissolution of UO2 particles 

in HNO3-TBP mixture94. 

Though the results of the various dissolution studies aided by microwave heating were 

new, they were only of academic interests as deploying such methods in plant scale is very 
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premature as on date.  The technology needs lot of systematic studies to be carried out in 

various operating scales before even thinking of them for plant conditions. 

 

3.10.5 Electrochemical dissolution of nuclear fuel materials 

For the PHWR type spent fuel where plutonium content is very less, dissolution could be 

carried out just by reflux heating in nitric acid medium.  But when the plutonium levels in 

the spent fuel increases, like about 30% or so in FBRs, just heating in nitric acid medium 

does not dissolve them completely.  Some plutonium rich residues are always found.  

Hence for such type of fuels, electrolytic dissolution was proposed as an alternate to 

dissolve the plutonium rich spent fuel completely in nitric acid medium49.  There was also 

another process proposed in which cerium was used to electrolytically catalyze the 

dissolution of PuO2
95.  The method was primarily developed to avoid the usage of HF 

while processing plutonium rich spent nuclear fuel.  It was claimed that the cerium added 

in the process could be electrochemically regenerated which helped in reducing its 

requirement to a great extent.  But later on it was found that the major disadvantage of the 

process is the consumption of cerium in various other side reactions during 

dissolution96, 97.  Subsequently considering the engineering difficulties in setting up an 

electrolytic cell inside a highly radioactive environment and their long-term routine 

operation, not much of work was carried out in the electrolytic dissolution of spent fuel 

though many refractory scrap materials were processed by this method to recover the 

small amount of plutonium present in them. 

Ryan et al98 reported one of the first methods for the electrolytic dissolution of PuO2 of 

NpO2 using electrolytically regenerated reagents.  They suggested one of the reagents 

consisting of Ce, Ag, Co and Am could be used as the regenerating agent. Since these 

species are also present in the spent fuel, they suggested that they could be used in-situ 

rather than being added externally. Subsequently J.L. Ryan et al48 came up with the 

process called CEPOD (catalyzed electrolytic plutonium oxide dissolution) for the 

dissolution of PuO2 using Ce(IV)/Ce(III) couple which is regenerated electrolytically in-

situ.  The method was found very promising to dissolve the LMFBR (liquid metal cooled 

FBR) spent fuel which is rich in Pu.  There was some speculation that Ru present in the 

spent fuel could reduce Ce(IV) which would render the method ineffective.  But Hylton et 

al99 through their detailed investigation spanning over a period of well over a decade have 

reported that continuous electrolytic in-situ generation of Ce(IV) would ultimately lead to 
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the depletion of the reductive state of ruthenium.  They have successfully applied this 

method for the dissolution of Np and plutonium oxides. 

Bourges et al100 carried out oxidative dissolution of PuO2 with electrogenerated Ag(II) 

ions.  They found that the rate of dissolution is dependent on the rate of electro 

regeneration of Ag(II) ions.  They also opined that, based on their pilot plant test, as silver 

required for the process is very less and also it is ultimately being reduced quantitatively to 

Ag(I) at the end, silver aided corrosion is never an issue.  Zundelevich101 has proposed the 

mechanism of this reaction which proceeds through electron transfer reactions between 

PuO2 and Ag2+ ions.  He had concluded that the rate of the reaction is not instantaneous 

and emphasized the need to carry out the reaction at the limiting current for better 

efficiency. 

In order to demonstrate the feasibility of dissolving UO2 in mild conditions which will not 

lead to any long-term corrosion of the dissolver vessel, anodic dissolution of UO2 in 

aqueous alkaline solutions were tried102.  In order to avoid precipitation of uranium in 

alkaline medium, NaHCO3 was employed by means of anodic oxidation.  The results 

indicated complete dissolution rapidly.  Similar studies were also carried out in 

ammonium carbonate solution which was proposed as an alternate to PUREX process for 

the recovery of nuclear materials103.  The rate of dissolution of UO2 was found to be on 

par with that in 5 M nitric acid solution containing 0.01M nitrous acid at 323K.  Also the 

simulated fuel dissolution rate was slower than UO2 which was attributed to the poor 

electrical conductivity of neat UO2 particles which was found to be formed at the surface 

of the simulated fuel pellets during the course of dissolution.  This was confirmed by 

SEM/EDX results.  Also the alkaline earth and rare earth elements were found to form 

precipitates in the ammonium carbonate electrolyte solution.   Hence the authors also 

proposed that these elements could be separated as their carbonate precipitates.  The left 

over U(VI) and Pu(IV) in the aqueous carbonate solution could be separated/purified by 

ion exchange column using amidoxime resins.  The adsorbed uranium and plutonium in 

the resin could be eluted with dilute nitric acid which is then further purified by 

conventional precipitation methods.  Though the method looks different, the overall 

decontamination factor achievable appears to be less as it is more prone for carryover of 

fission products whose solubility product in the carbonate medium is pretty high.  Also 

operating the ion exchange columns on larger scale is pretty difficult. 

 

65 
 



3.10.6 Electrolytic dissolution of nuclear fuel materials 

One of the first works on electrolytic dissolution of power reactor fuels in nitric acid was 

carried out by Thomas Clark et al104. They demonstrated the electrolytic oxidation of 

stainless steel, zirconium, Zircaloy-2, zirconium-uranium alloy, aluminum, and uranium-

molybdenum alloy in nitric acid on a laboratory scale. The rate of chemical dissolution of 

UO2 in nitric acid was measured. Corrosion of stainless steel by these dissolver solutions 

was measured and found to be negligible. Electrolytic dissolution was demonstrated to be 

a practical technique for the first step in processing fuel elements of several types of power 

reactors.  The primary aim of this work was to find a suitable material for dissolver during 

the electrolytic dissolution of power reactor fuels. 

Following this Berry and Miner105 studied the electrolytic dissolution of plutonium metal 

in nitric acid medium.  They found that the rate of dissolution of plutonium at 

concentration of nitric acid greater than 5 M could be increased significantly by the 

addition of a slight amount of fluoride while applying a direct current to the plutonium 

metal.  The effect of the concentration of nitric acid is less significant than the current on 

the rate of dissolution.  Fluoride concentration had little effect on the dissolution rate 

although its presence was found necessary.  Absence of fluoride resulted in an extremely 

slow dissolution rate.  Within the ranges investigated, the fastest rate of dissolution was 

obtained for 10 amp, 15 M nitric acid and 0.01 M HF.  With the experimental equipment 

and conditions used, the following effects were observed.  Direct current was more 

effective than alternating current; lower acid concentrations dissolved alloyed metal 

approximately 30% faster than unalloyed metal; in 10% HNO3 and above, the dissolution 

rates of the two metals were equal; and very little evolved hydrogen could be detected. 

 

Electrolytic dissolution in nitric acid has been used at the Savannah River  and Idaho 

Chemical Processing plants to dissolve a wide variety of fuels and cladding materials, 

including uranium alloys, stainless steel, aluminum, zircaloy, and nichrome. The 

electrolytic dissolver developed by DuPont, uses niobium anodes and cathodes, with the 

former coated with 0.25 mm of platinum to prevent anodic corrosion.  Metallic fuel to be 

dissolved was held in an alundum insulating frame supported by a niobium basket placed 

between anode and cathode and electrically insulated from them. Fuel surfaces facing the 

cathode underwent anodic dissolution according to the following reaction. 
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Fe → Fe3+ + 3e-                    (3.4) 

 

At a concentration of nitric acid above 2 M, the cathode reaction was found to be as 

follows. 

 

NO3
- + 3H+ + 2e- → HNO2 + H2O                  (3.5) 

 

This ensures the suppression of hydrogen evolution. The reverse reaction took place at the 

platinum coated anode, together with evolution of oxygen. 

 

2H2O → 4H+ + O2 + 4e-                   (3.6) 

 

Anodic corrosion of the niobium basket that supports the fuel is inhibited by an 

electrically conducting oxide film, which forms on the niobium.  Advantages of this 

method were its wide applicability, the absence of anions other than the nitrate and the fact 

that little hydrogen is evolved. A disadvantage was the presence of cladding metal nitrate 

in the dissolver solution and its eventual routing to the high-level waste.  When applied to 

zircaloy cladding, most of the zirconium is converted to hydrous ZrO2, which could be 

filtered from the dissolver solution. 

 

3.10.7 Other modes of dissolving nuclear fuel materials 

In addition to the above mentioned methods there are also some basic studies carried out 

world over for the dissolution of nuclear materials in different ways for certain specific 

tasks.  One such method is to dissolve the actinide oxide by employing super critical 

carbon-dioxide (SC-CO2) with a suitable complexing agent forming SC-CO2 soluble 

complexes with the spent nuclear fuel materials106.  This method was proposed as an 

alternate to TBP as the solvent so that the amount of organic liquid waste (OLW) could be 

reduced.  Though the method was attractive, it was found that this method does not 

dissolve NpO2 and PuO2 under the similar conditions.  Hence when a mechanical mixture 

of UO2 with PuO2/NpO2 is treated with TBP-HNO3, a complex of uranium alone gets 

dissolved completely leaving the bulk of neptunium and plutonium in the residue. 

The kinetics of the dissolution of UO3 in nitric acid saturated 30% TBP in a hydrocarbon 

diluent was studied by Dorda et al107.  UO3 was found to dissolve without the formation of 
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any gaseous product and reaction followed the contracting sphere equation.  The apparent 

activation energy was estimated to be 45.1 kJ/mol under the experimental conditions and 

hence the reaction was kinetically controlled. 

 

3.11 Consolidation of literature information on nuclear fuel dissolution 

UO2 is the widely studied nuclear fuel from its dissolution point of view.  There are many 

studies reported in the literature wherein the dissolution kinetics of various physical forms 

of the fuel, viz pellets and powders; have been reported.  The literature information also 

gives an account of the effect of various parameters which influences the dissolution rate.  

Some models have been proposed for evaluating the dissolution kinetics.  This section 

consolidates the information available in the literature which will help in sketching the 

way forward in improving our understanding about the nuclear fuel dissolution behaviour. 

Following is the summary of the literate review carried out relevant to this PhD thesis 

work. 

 

3.11.1 Dissolution of UO2 

Lot of work has been carried by researchers world over for understanding the dissolution 

behaviour of UO2 fuel both in the form of powder and pellets.  Studies have been carried 

out for both the irradiated and unirradiated fuels.  In general the irradiated fuel dissolves 

easily and completely than the unirradiated ones.  This is because; irradiation renders the 

fuel matrix more porous due to the diffusion of gaseous fission products through the fuel 

material.  Literature also provides information about various factors which influences the 

dissolution behaviour and how they affect them.  Some of the studies have also proposed 

some model equations to explain the kinetics of the dissolution process.  In spite of the 

large amount of data available in the literature, still there are some gap areas to be 

understood like the role of nitrous acid generated in-situ and the quantitative effect of 

pellet surface area on the dissolution rate, measurement of mass transfer co-efficient for 

the dissolution process under typical PUREX process conditions and so on.  Hence this 

PhD project aims at addressing these aspects of UO2 dissolution behaviour in nitric acid. 

 

3.11.2 Role of nitrous acid and NOX gas composition on UO2 dissolution kinetics 

Literature on nuclear fuel dissolution in nitric acid provides some speculation about the 

role of nitrous acid and NOX gases generated during the course of dissolution on the 
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reaction kinetics.  But these are not conclusive to arrive at a certain mechanism for the 

dissolution reaction.  This is because; there is a lack of information on the concentration 

profiles of these species during the dissolution process.  Though there are some sporadic 

work carried out by certain researchers from the US and Japan on the nitrous acid and 

NOX gases during dissolution, there are only qualitative.  Hence a detailed study is 

required on the dissolution behaviour of nuclear fuel in nitric acid to extract more 

authoritative information on these aspects.  Once these informations are available, there 

would be better clarity on the mechanism of UO2 pellet dissolution in nitric acid which is 

an important initial input data required for designing a continuous dissolution system 

relevant to PUREX process.  Though the continuous spent fuel dissolution system is not a 

necessary requirement at the moment for the fuel cycle activities of PHWR fuel in India, it 

would be the most important and essential information required for the INPP when the 

second stage of FBR and its associated nuclear fuel cycle technology assumes a larger 

magnitude in meeting the country’s long term energy security. 

 

3.11.3 Nitric acid as the medium for nuclear fuel dissolution 

Nuclear fuel dissolution has been carried out in all the mineral acids for various purposes.  

But when it comes to the operations of nuclear fuel cycle activities, nitric acid is the most 

preferred and obvious choice.  This is because of the availability of compatible material of 

construction and most importantly the uniqueness of nitric acid medium in offering 

selectivity towards the recovery of nuclear materials of our interest, namely uranium and 

plutonium, from the spent nuclear fuel employing the PUREX process.  Acids other than 

nitric acid are employed for certain specific purposes, particularly for the recovery of 

strategic nuclear materials from the scraps generated during various activities of the 

nuclear fuel cycle operations.  The present work, which aims at providing better 

understanding of the nuclear fuel dissolution process relevant to PUREX process, will 

only consider the dissolution process in nitric acid medium. 

 

3.11.4 MOX fuel dissolution 

Literature provides some brief understanding on the dissolution behaviour of MOX fuels 

in nitric acid both in the irradiated and unirradiated form.  It has been observed generally 

that plutonia dissolves comparatively very slowly in nitric acid than urania.  Hence as the 

percentage of plutonia in the MOX fuel is increased, the dissolution rate is expected to be 
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decreased gradually.  It was also reported that when the composition of plutonia in the 

MOX fuel, prepared by powder metallurgy route, exceeds 35% by weight, complete 

dissolution of MOX in neat nitric acid is not possible unless plutonium is forced to 

undergo reductive or oxidative dissolution.  Hence for the dissolution of MOX fuel with 

plutonium above 35% by weight, normally HF or any other strong oxidizing or reducing 

agents are employed for dissolving them quantitatively.  Silver and cerium are other 

reagents which were suggested to aid rapid and complete dissolution of plutonium rich 

MOX and PuO2 fuels.  The possible mechanism of the reaction under such conditions are 

also been explained reasonably in the literature.  Also plutonium generally does not 

undergo any change in its oxidation state during the dissolution of PuO2 in nitric acid 

unless it is forced to happen so.  Therefore the presence of nitrous acid is not expected to 

influence its dissolution kinetics of PuO2 in nitric acid.  Though many such works were 

reported, none of them gives any detailed account of the kinetics and mechanism relevant 

to PUREX process. 

 

3.11.5 Dissolution behaviour of simulated MOX fuel 

The dissolution behaviour of MOX fuel, as explained in the previous section, was not 

sufficiently explored till date.  Since carrying out experiments on plutonium systems has 

its own safety issues, it was decided to study the dissolution behaviour of a simulated 

MOX fuel by replacing plutonium with a suitable non-radioactive surrogate.  With respect 

to the chemistry of nuclear fuel fabrication and waste management operations, ceria is the 

best possible non-radioactive surrogate for plutonium based on the similarities of its 

relevant solid state structural properties to that of plutonia.  As the dissolution of any solid 

in liquid is dependent on the structural properties of the solid in question when all other 

factors remain unchanged, the above mentioned similarity between ceria and plutonia 

could be very well extended to study the dissolution behaviour of plutonia.  Hence as a 

part of this thesis, the dissolution behaviour of simulated MOX fuel of urania-ceria was 

studied initially.  Subsequently based on the results obtained from these studies, similar 

experimental studies with necessary additional safety precautions and modeling using the 

experimental results have been carried out for the urania-plutonia MOX fuel system. 
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CHAPTER 4. Experimental 
4.1. Procurement of UO2 pellets 

The UO2 fuel pellets that were required for the experimental work reported in this thesis 

were obtained from the Nuclear Fuel Complex (NFC), Hyderabad, India.  The physical 

and chemical characteristics of these fuel pellets were that of a typical PHWR1.  The 

pellets were made from natural uranium through powder metallurgy route2.  The 

fabrication step consists of dissolution of magnesium diuranate (MDU, which is the 

purified concentrate of the natural uranium ore) in nitric acid, further purification by 

solvent extraction using TBP, precipitation of uranium as ammonium diuranate (ADU), 

calcination to U3O8, reduction in presence of hydrogen to UO2 powder and finally 

followed by blending, compaction and sintering to get the UO2 pellets3.  The process is 

well established for the PHWR fuel pellets of required specification.  The pellets used for 

the dissolution studies reported in this thesis are all dimensionally rejected pellets which 

are slightly chipped at the edges as shown in Figures 4.1 and 4.2. 

 

Fig. 4.1. Typical PHWR natural UO2 pellets 

 
 

In the case of processing the spent fuel by chop leach process, the chopped fuel pins would 

contain the fuel covered by the SS clad along its curved surfaces.  It is open only along the 

two circular (or oblique/elliptical to be precise) faces.  Hence in all the experiments 

pertaining to this thesis work, the curved surfaces of the pellets are covered using a SS 

sheet to simulate the presence of clad during the dissolution experiments. 

 

4.2. Physical characterization of UO2 pellets 

The method used in NFC for the production of the UO2 pellets is well established2.  Hence 

the general physical properties of the pellets are all well-known4.  The typical physical 

properties which are measured in the present work are given in the Table 4.1. 
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Table 4.1. Typical physical properties of the UO2 pellets 

No. Physical Parameter Details 

1 Weight (g) ~16.57-18.29 

2 Diameter (mm) ~12.1-12.5 

3 Length (mm) ~14.1-15.8 

4 Density (g/cc) ~10.3-10.5 

5 Nature of the pellet Sintered and SS cladded 

 

Fig. 4.2. Typical dimensions of sintered UO2 pellets 

  
 

4.3. Physical characterization of MOX pellets 

The (U, Pu) MOX pellets used for the dissolution studies were all of Prototype FBR 

(PFBR) inner core specification containing 21.7% PuO2 by weight and rest UO2
5.  They 

were obtained from BARC, Mumbai.  They were all fabricated at the Advanced Fuel 

Fabrication Facility (AFFF), Tarapur by powder metallurgical route wherein required 

quantity of UO2 and PuO2 powders are mixed in an attritor ball mill, compacted and 

sintered6.  These pellets were provided with an annular hole at its center along its length, 

as shown in Fig. 4.3, so that the MOX fuel pellets will have lower centre line temperature 

during its irradiation resulting in lower fission gas release and stored energy7.  The annular 

pellet design would also provide voidage to accommodate fuel swelling and relieve 

cladding stresses8.  The transient behaviour of such pellets has also been reported to be 

superior9.  The typical physical properties of these MOX pellets are provided in Table 4.2. 
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Table 4.2. Typical physical properties of PFBR inner core MOX pellets 

S.No. Parameter Details 

1 Weight (g) 1.5-1.75 

2 Diameter (mm) 5-6 

3 Length (mm) 10±0.2 

4  Other details Annular hole (3.8±0.2mm) in the middle  

 

Fig. 4.3. Typical FBR MOX pellet 

 
 

4.4. Reagents used in the experiments 

All the reagents used for the experiments were analytical grade chemicals of reputed 

brands from known suppliers.  The following is the list of regents used. 

1. Double distilled water from M/s Millipore 

2. Nitric acid from M/s Merck 

3. UO2 pellets from NFC, Hyderabad 

4. MOX pellets from BARC 

5. UO2-CeO2 simulated MOX pellets fabricated in IGCAR 

6. Sodium carbonate from M/s Merck for analyzing the concentration of nitric acid 

7. Sodium hydroxide from M/s Merck for off-gas scrubbers 

8. α-hydroxy isobutyric acid from M/s Alfa Aesar as mobile phase for the analysis 

of uranium and Ce by HPLC/IC 

9. Arsenazo(III) from M/s Sigma Aldrich as chromogenic agent in HPLC analysis 

10. Sulfanilamide and N-1-naphthylethylenediamine from M/s Alfa Aesar for the 

analysis of nitrous acid 

11. 4-(2-Pyridylazo)resorcinol (PAR) from M/s Merck as chromogenic agent for the 

spectrophotometric determination of uranium. 
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4.5. Free acidity measurement 

Measurement of concentration of nitric acid was one of the routine chemical analyses 

required for this research work.  For every dissolution run, it was required to measure the 

concentration of acid as a function of time to monitor its changes in the dissolution 

mixture.  As there was always uranium/plutonium/cerium present in all the dissolution 

samples, measurement of concentration of acid in their presence was not straight forward 

as they would interfere due to the ease with which they get hydrolyzed.  Hence it is the 

free acidity which was required to be measured.  Free acidity of a solution containing 

hydrolysable metal ions is defined as the acidity in excess of the stoichiometrically 

balanced salts or the acidity without taking into account that contributed by the hydrolysis 

of such metal ions10.  It could also be simply defined as the acidity of the solution when 

the hydrolysable metal ions are removed or complexed so as not to interfere during the 

measurement of the concentration of acid.  In all the samples, free acidity was measured 

by suppressing the hydrolysable metal ions with oxalate ions and titrating with standard 

sodium carbonate solution.  A Metrohm-make model E-526 end point titrator was 

employed for this purpose. 

 

4.6. Analysis of nitrous acid 

The concentration of nitrous acid was determined by both ion chromatography (IC)11 and 

spectrophotometry employing sulfanilamide and N-1-naphthylethylenediamine as coloring 

reagents12.  In the analysis by IC, an aliquot of the sample from the reaction mixture was 

taken and immediately quenched in known excess of sodium hydroxide solution.  The 

nitric and nitrous acids in the sample reacted with sodium hydroxide instantaneously 

forming sodium nitrate and nitrite respectively13.  After appropriate dilution of the sample, 

the concentration of nitrate and nitrite ions were determined by IC.  Modular ion-

chromatography system from M/s Metrohm equipped with conductivity detector was 

employed for the analysis. The eluent was a mixture of 3.2 mM Na2CO3 and 1.0 mM 

NaHCO3 used at a flow rate of 0.7 mL/min. The separation was carried out using an anion 

exchange column Metrosep A Supp 5-250[250 mm (L) 4.0 mm(ID)] containing polyvinyl 

alcohol with quaternary ammonium groups as carrier material and a guard column 

(Metrosep A Supp 4/5). The pH is maintained between 3 and 12 at ambient temperature. 

Samples and standards were injected manually through a 20 µl PEEK loop fitted with 

injector.  After ion-exchange separation in anionic column followed by suppressed 
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conductivity detection, chromatograms were obtained.  Run time for each sample was 20 

min.  Concentrations of species of our interest were quantified using peak area. IC net 2.3 

Metrohm software was used for instrument control and data acquisition. 

 

4.7. Analysis of the composition of NOX gas evolved during dissolution 

All the dissolution experiments carried out as a part of the current work were under typical 

PUREX process conditions14.  Hence the NOX gas emitted during the dissolution 

experiments contained only NO and NO2
15, 16.  The composition of these gases in the NOX 

stream during the course of the dissolution runs were determined by trapping them in the 

NaOH scrubbers connected to the dissolution reactor off-gas lines and analyzing the 

nitrate and nitrite ions formed by them on reacting with NaOH in the scrubbers.  During 

all the experiments, four such scrubbers were connected in series to the off-gas line. The 

1st, 3rd and 4th scrubbers had 2 M NaOH and the 2nd scrubber had 10% H2O2 solution at the 

start of each experiment.  The purpose of hydrogen peroxide scrubber was to convert all 

NO to NO2, since NO2 get scrubbed more easily in NaOH than NO17.  It was observed that 

both the gases were scrubbed quantitatively in the first three scrubbers itself and there was 

no traces of any nitrate or nitrite ions in the 4th scrubber. The concentration of the NaOH 

in each of the scrubber was measured before and after each dissolution experiment.  Both 

NO and NO2 were scrubbed in NaOH and is converted to sodium nitrate and nitrite salts as 

per the following stoichiometric relations. 

 

2NO2 + 2NaOH → NaNO2 + NaNO3 + H2O 

NO + NO2 + 2NaOH → 2NaNO2 + H2O 

 

The concentrations of the NO and NO2 gases evolved during each dissolution experiment 

were back calculated using the above stoichiometric equations.  All the connections were 

made completely airtight to avoid leakage of any gas thereby avoiding errors in the 

estimation of NOX gas composition.  The nitrate and nitrite ions were estimated by IC 

similar to the procedure mentioned for the analysis of nitrous acid18. 

 

4.8. Analysis of uranium in UO2 and UO2-PuO2 MOX fuel dissolution studies 

Uranium was analyzed by the standard Davies and Gray method which was based on 

redox titrimetry19.  But as titrimetric methods were not accurate enough at lower 
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concentration of the analytes20, spectrophotometric method using pyridyl-azo-resorcinol as 

the chromogenic reagent was employed to analyze samples which contain low 

concentrations of uranium21.  The later method was predominantly used for the samples 

generated at the beginning of the dissolution experiments when the concentration of 

uranium was less than 1 g/L. 

 

4.9. Analysis of uranium and cerium in UO2-CeO2 simulated MOX fuel dissolution 

studies 

Analyzing uranium by Davies and Gray method, in the presence of cerium, would lead to 

erroneous results due to the interference of cerium ions in the redox titrations22, 23.  

Similarly Ce(IV) was also found to interfere in the spectrophotometry method using 

PAR24.  Hence reverse phase HPLC with UV-Vis detection was chosen which enables the 

determination of both U(VI) and Ce(IV) concentration simultaneously25, 26, 27.  The reverse 

phase HPLC separates the cerium ions and uranyl ions by employing a C18 10 cm 

monolith (M/s Merck) column.  The mobile phase used was 0.1 M alpha hydroxy 

isobutyric acid (pH adjusted to 4 with dil. NH3).  The mobile phase flow rate used was 2 

mL/min.  The post-column detection of metal ions was done by mixing the column 

effluent with Arsenazo (III) as the chromogenic agent with a flowrate of 1 mL/min at a 

concentration of 10-4 M.  The detection was based on UV-Vis spectrometry at 655 nm. 

 

4.10. Analysis of plutonium 

Analysis of plutonium in all the samples generated during the dissolution of UO2-PuO2 

MOX pellets were carried out by radiometric methods28.  Though there are numerous 

methods available for the determination of plutonium29, radiometric methods are the most 

simplest, rapid and easy to execute30.  Necessary and proper care was exercised during all 

the radiometric analysis for obtaining the best results31. 

 

4.11. Analytical techniques and instruments used 

The various analytical techniques and the instruments used for the analysis of all the 

samples generated in the experiments carried out as a part of the current work are provided 

in Table 4.3. 
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Table 4.3. Analytical techniques and instruments used 

S. 

No. 
Technique Purpose Instruments used 

1 Spectrophotometry 

Analysis of uranium in UO2 dissolution 

samples using PAR, backup analysis of 

nitrous acid using sulphanilamide and 

N-1-naphthylethylenediamine,  

Double beam UV-Vis 

spectrometer from 

M/s Thermoscientific 

2 

Liquid 

chromatography 

(HPLC) 

Analysis of uranium and Ce in UO2-

CeO2 dissolution samples 

HPLC instruments 

from M/s Metrohm 

and M/s Jasco 

3 Radiometry 
Analysis of plutonium in MOX 

dissolution samples 

Alpha detector from 

M/s ECIL 

4 Redox titrimetry 

Analysis of uranium in UO2 dissolution 

samples wherein uranium 

concentrations are higher 
Auto titrator from 

M/s Metrohm 

5 Titrimetry 
Free acidity analysis in all the 

dissolution samples 
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CHAPTER 5. Dissolution kinetics of UO2 pellets in nitric acid 

medium 
 

5.1 Design of reactor for UO2 dissolution 

 

During the course of the dissolution experiments, it is always desirable to have the option 

for live visual inspection into the reactor vessel to notice any interesting and/or unintended 

event at its onset itself, if it so happens.  Hence it was decided to use only glass reactors 

for all the dissolution experiments.  Hard borosilicate glass materials only were used for 

this purpose.  Additionally, as a solution of uranium in nitric acid medium has its own 

characteristic colour in the visible region of the electromagnetic spectrum depending on its 

oxidation state, a glass reactor would help in monitoring the visual progress of the reaction 

from the intensity of the colour of the reaction mixture. 

 

Subsequently when it came to the design of the dissolution reactor, after various trials with 

different design, it was finally decided to employ only cylindrical reactors with sufficient 

nozzles for various requirements like sampling, condenser for off-gas cooling and 

sampling, thermowell for measuring the temperature of the reaction mixture, glass 

impeller for stirring the reaction mixture at various preset speed and so on.  Though a 

thermosyphon design was initially thought off, its construction and operation with glass as 

the material of construction (MOC) is practically very difficult.  Moreover as the ultimate 

goal of this work is to generate only intrinsic dissolution data which is independent of the 

design and dimensions of the reactor1, it was found prudent to adopt a simple, elegant and 

well proven design based on cylindrical geometry.  For the initial dissolution experiments 

on UO2, cylindrical glass vessel with provision for air sparging was used.  Air sparging 

served the purpose of mixing in place of mechanical mixing.  The pellets to be dissolved 

would be placed on a zero size glass frit provided at the bottom of the reactor whose other 

end is a thin glass tube meant for purging air.  The dissolver is then connected to required 

numbers of scrubbers in series for off-gas treatment cum sampling.  The other end of the 

scrubbers is connected to the suction nozzle of an air ejector which creates the negative 

pressure and thereby sucks air through the reaction mixture in the dissolution reactor into 

the scrubber.  The air is then scrubbed and exhausted in to the atmosphere through a fume 
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hood.  Figures 5.1 to 5.4 provide the schematic sketches and the photographs of the 

dissolution reactors employed in this work. 

 

Fig. 5.1. Schematic sketch of the experimental dissolver with mechanical mixing 

 
 

Fig. 5.2. Schematic sketch of air sparging dissolution set-up 

Sparging Air Inlet

Glass Thermometer
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NaOH
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Scrubber
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5.2 Choice of the concentration of nitric acid 

For studying the dissolution reaction relevant to PUREX process, there is not much of 

choice available when it came to the concentration of acid.  Typically the initial 
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concentration of the nitric acid employed worldwide in the dissolution of nuclear fuel 

during reprocessing is about 8 M2.  Hence in all the experiments where the acidity needs 

to be constant, the concentration of nitric acid was chosen to be 8 M.  The amount of fuel 

pellets required for each experiment was carefully chosen to ensure sufficient decrease in 

the concentration of acid during the course of the reaction so that the reaction could be 

modeled at a later stage.   

 
Fig. 5.3. Cylindrical glass dissolver with mechanical mixing 

 
 

Fig. 5.4. Glass bubble dissolver with air sparging 
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Also in Purex process, the dissolution step is immediately followed by solvent extraction 

for which the preferred concentration of the acid is between 3.5 and 4 M3.  Hence care was 

taken in choosing the quantities of 8 M nitric acid and fuel pellets for each experiments so 

that the final acidity of the dissolver solution is around 4 M.  For this purpose the 

connections in the dissolution set-up leading up to the off-gas condenser and scrubbers 

were made air tight using vacuum grease for avoiding the leakage of any acid vapors. 

For the experiments involving simulated MOX and (U, Pu) MOX fuel pellet dissolution in 

nitric acid (Chapters 6 and 7 respectively), whose dissolution is sluggish as compared to 

UO2
4, it is desirable to have the initial concentration of the acids to be higher5. But for the 

sake of comparison of the dissolution behaviour of different fuel materials, the initial 

concentration of nitric acid is retained at 8 M for these MOX fuel pellets also.  But for 

comparing the effect of initial concentration of acid on the dissolution kinetics, the acidity 

was increased up to 11.5 M nitric acid for MOX pellet dissolution experiments which is 

the typical acid concentration used in FBR fuel reprocessing6. 

 

5.3 Choice of temperature for the dissolution experiments 

The average temperature maintained during the dissolution in the spent fuel reprocessing 

plants varies depending on the type and nature of the spent fuel.  Generally, for oxide fuels 

which are more ceramic in nature7, the dissolution temperature would be on the higher 

side due to their relatively sluggish dissolution behaviour8.  Among oxide fuels, 

temperature required is more for MOX fuel dissolution than UO2 since PuO2 is known to 

dissolve relatively slowly under similar conditions in nitric acid9.  Hence higher the 

temperature better would be the dissolution rate.  At the same time, the rate of corrosion of 

the dissolver materials in the reprocessing plants10 and the rate of evaporation of the 

solvent is directly proportional to the temperature.  Hence there has to be an optimization.  

As SS is the MOC of the dissolvers in thermal reactor fuel reprocessing plant, generally 

the temperature is maintained around 353 K as the corrosion rates of SS under that 

condition is acceptable for its long term operation11.  In the case of FBR spent fuel 

reprocessing, where plutonium rich MOX/MC is the fuel, around 373-383 K is maintained 

to increase the dissolution rate12.  To overcome the corrosion related issues, the dissolver 

in FBR spent fuel reprocessing plant is made of titanium whose corrosion resistance is 

better and acceptable in that temperature range13.  As mentioned earlier, it was already 

decided to make the dissolution reactor of hard borosilicate glass for the experiments to be 
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carried out as a part of this thesis work.  Hence corrosion of the reactor is never an issue.  

But in order to compare the dissolution rates of simulated MOX and urania plutonia MOX 

fuel with UO2 dissolution behaviour, it was decided to carry out all the dissolution 

experiments at 353 K.  For all those experiments where the effect of temperature needs to 

be studied, it would be varied between 333 and 373 K. 

 

5.4 Effect of initial concentration of nitric acid and temperature on UO2 dissolution 

Experiments on the dissolution behaviour of unirradiated sintered UO2 pellets were 

conducted under typical PUREX process conditions to study the effect of initial 

concentration of nitric acid and temperature on the rate of the reaction in cylindrical glass 

reactors.  The results of these studies and their detailed discussions are presented in this 

section. 

 

5.4.1 Experimental Procedure 

The initial concentration of the acid is known to influence the rate of dissolution 

proportionately.  The qualitative effect of acidity on the dissolution rate has been well 

understood from many works reported in the literature over the past five decades or so 

(references 3, 6, 7, 9, 11-15 given in Chapter 3).  But for developing a working model for 

the dissolution process, it is required to establish the quantitative effect of the 

concentration of acid on the dissolution rate.  For this purpose, initial dissolution 

experiments on unirradiated sintered UO2 pellets in nitric acid with varying staring 

concentration was carried out in a glass bubble dissolver shown in Fig. 13. 

There are many stoichiometric chemical equations for the dissolution of UO2 in nitric acid 

medium14.  Among them the following are the predominant reactions under typical 

PUREX process conditions15, 16, 17,: 

 

UO2 + 4HNO3 → UO2(NO3)2 + 2NO2 + 2H2O (5.1) 

3UO2 + 8HNO3 → 3UO2(NO3)2 + 2NO + 4H2O (5.2) 

UO2 + 3HNO3 → UO2(NO3)2 + NO + NO2 + 3H2O (5.3) 

 

The stoichiometry of the dissolution reaction of UO2 in nitric acid is variable and it 

depends on the reaction conditions18. All the three reactions given above occur to some 

extent and the predominance of one over the other depends on various conditions like 
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acidity and temperature19. The first reaction predominates at concentrations of acid greater 

than 8 M and the third below 6 M20. In the present investigation, initial concentrations of 

nitric acid in all our experiments were always more than 8 M.  Hence, analysis of 

experimental data was based on first reaction, (i.e.) for the calculation of the rate 

parameters. 

 

5.4.2 Modeling of the dissolution of UO2 in nitric acid by SPM 

Nuclear fuel dissolution could be categorized as solid-liquid reaction under the domain of 

chemical reaction engineering. There are two common approaches for studying the 

behaviour of fluid-solid interaction21. They are the shrinking particle model (SPM)22 and 

the progressive conversion model (PCM)23. Among these, for obvious reasons the former 

is the most suited methodology for studying the dissolution behaviour of solids in liquid 

solvents24. Hence SPM was chosen to correlate the experimental data.  The general 

approach for formulating the model equations is given by Levenspiel (1972)21 for 

spherical geometry.  But with respect to the cylindrical geometry, the equations are 

accordingly modified and used in this study.  A general schematic representation of the 

solid-liquid heterogeneous reaction is given in Fig. 5.5. 

 

Fig. 5.5. General schematic representation of a solid-fluid reaction 

 
 

The dissolution of UO2 pellet in nitric acid medium is a heterogeneous reaction and could 

be generally represented by the model equations given below.  In Fig. 5.5, solid represents 
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the UO2 pellets denoted by “A” and liquid represents nitric acid denoted by “B”.  The 

same representations are used in the reactions explained below.   

Any solid-liquid reaction proceeds through three main stages, namely, (i) diffusion of 

reactant B (nitric acid molecules in this case) through the film, (ii) reaction of the reactant 

B with the solid A (UO2 in this case) at the solid surface and (iii) diffusion of the product 

formed (UO2
2+ in this case) at the solid surface back to the bulk liquid through the 

diffusion film. 

 

A (solid) + bB (fluid) ↔ Products (fluid) (5.4) 

 

The reaction is either diffusion controlled wherein stages 1 and/or 3 would be the rate 

determining step or chemical reaction controlled wherein the stage 2 would be the rate 

controlling step.  The rate of the reaction is directly proportional to the available surface of 

the unreacted core of the solid particle. Thus the rate expression for the stoichiometric 

equation 1 is given by 

 

B
A kC

b
1

dt
dN

)r2rl2(
=

π+π
− 2

1
= ( )Bs0BL CCk −  (5.5) 

 

Where NA is the amount of solid A reacting, CA is the concentration of solute (A) in the 

liquid at time t, CB is the concentration of solvent molecules (B), CB0 is the concentration 

of solvent molecules in the bulk liquid, CBs is the concentration of solvent molecules at the 

solid surface, b is the stoichiometric coefficient of reactant A, r is the radius of the 

shrinking particle and k is the first order rate constant. 

Though the pellet was covered with a SS plate along the curved surface area, during the 

subsequent data analysis it was found that unless the curved surface area is included, the 

model was not able to predict the experimental values satisfactorily. This shows that the 

curve surface area also takes part in the dissolution reaction.  Later on detailed analysis it 

was found that, though the SS plate covers the curved surface of the pellet tightly, the 

moment the pellet with the SS cover is dropped into hot concentrated nitric acid solution, 

there is some ingress of acid in between the pellet and SS sheet.  Hence the dissolution 

starts happening along the curved surface also. 
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To confirm this, the aspect ratio (L/R) of the pellet was measured during the process of 

dissolution and was found to decrease initially and became constant by around 15-20% of 

dissolution.  Hence the inclusion of the curved surface area in the model equation in spite 

of the pellets being covered by SS plate along the curved surface was justified. 

As the reaction is carried out with air sparging under sufficiently high temperature, one 

could expect the diffusion to be sufficiently fast enough and hence as a first 

approximation, the dissolution is assumed to be predominantly chemical reaction 

controlled. 

 

For a cylindrical particle whose dissolution is chemical reaction controlled, the rate could 

be determined by the following computations. As the amount of acid taken initially during 

the experiments is very high, its concentration remains practically constant all through the 

reaction.  Hence we have 

 

CB0 ≈ CBS ≈ CB,initial (5.6) 

B
A

2
kC

b
1

dt
dN

)22(
1

=
+

−
rrl ππ

 (5.7) 

 

As per the assumptions of SPM, we have 

 

NA = rA V and L/R = l/r = x (5.8) 

 

Where rA is the molar density of A in solid and V is its volume, L and R are the initial 

length and radius of the cylindrical particle, l and r are the length and radius of the 

shrinking particle at any given time and x is the aspect ratio of the dissolving cylindrical 

particle at any instant. NA could be rewritten in terms of r as 

 

-dNA = -bdNB = -rA dV = -rA d(πr2l) = -πrA d(x.r3) = -3πrA x.r2 (5.9) 

 

Substituting equations (5.6) and (5.9) in (5.7), the rate of the reaction in terms of shrinking 

radius of the unreacted core is given by 
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On integrating and rearranging the above equation, we get 

 

t
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This is the rate equation for chemical reaction controlled dissolution of cylindrical solid 

particles in a liquid. Here XA is fraction of moles of reactant “A” that has reacted at time t, 

or in other words, (1-XA) is the unreacted fraction of reactant “A” at time t. Equation 5.11 

could be specifically rewritten for the dissolution of UO2 in nitric acid as follows. 
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[U]t and [U]f are the molar concentration of U(VI) at any time t and at the end of the 

reaction respectively. Thus by plotting (1-([U]t/[U]f))1/3 against t, we get a straight line and 

from its slope, the rate constant could be determined since all other parameters 

contributing to the slope (x, CHNO3, rA , b and R) are known.  It could be seen from 

equations (5.12) that the stoichiometric co-efficient is in the denominator of the equation 

which would have an inverse effect on the rate of dissolution of UO2 pellets. 

 

5.4.3 Results and Discussion 

 

5.4.3.1. Effect of concentration of nitric acid 

The experimental set-up used for studying the influence of initial concentration of nitric 

acid on the dissolution rate of UO2 pellets was used for probing the effect of temperature 

also.  The experiment was carried out in three different initial concentrations of nitric acid 

namely 8.05, 10.3 and 11.5 M. Temperature was maintained at 353 K during these 

experiments.  The dissolution curve for the sintered UO2 pellets in nitric acid of initial 

concentrations 8.05, 10.3 and 11.5M at 353 K is given in Fig. 5.6. 
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Fig. 5.6. Dissolution of UO2 pellets in 8.05, 10.3 and 11.5 M HNO3 at 353 K 

 
 

It could be seen from Fig. 5.6 that the rate of dissolution is directly proportional to initial 

concentration of nitric acid at a given temperature. The experimental data in Fig. 5.6 was 

used to compute the rate constant for the dissolution using SPM as explained in section 

5.4.2. The SPM assumes that the reaction takes place at the surface of the solid being 

dissolved and also the aspect ratio of the solid is retained till the end of dissolution. Since 

the dissolution of UO2 pellets in nitric acid is a solid-liquid reaction, the above 

assumptions of SPM is reasonably valid as a first approximation towards the computing of 

rate parameters. The validity of these assumptions, especially of that of the constancy of 

aspect ratio, was cross checked in our experiment by measuring the length and diameter of 

the dissolving pellet.  It was found that the aspect ratio of the pellet was almost constant 

till the pellet crumbled and lost its shape.  This happened only after about 60% of the 

dissolution was complete under the experimental conditions. 

 

5.4.3.2. Effect of temperature 

Experiments, similar to that explained in previous section (5.4.3.1), were carried out at 

different temperatures to probe the effect of temperature on the dissolution rate of UO2 in 
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nitric acid.  In all these experiments, the initial concentration of nitric acid was maintained 

at 8 M.  The results are plotted in Figures 5.7 and 5.8 for the nitric acid concentrations of 

8.05 and 10.3 M respectively.  These plots clearly show how the rate of the dissolution 

reaction increases with increase in the temperature when all other parameters are kept 

constant.  The results of these experiments are then subjected to SPM treatment as 

explained before to evaluate the kinetic parameters. 

Figures 5.9 and 5.10 represent comparison between experimental and calculated results 

using SPM Eq. (5.12) and they are found to be in good agreement.  It should be noted that 

for the purpose of modeling the reaction using SPM, only those data were considered that 

were generated till the pellet crumbled.  This is because; the SPM assumptions are not 

valid beyond this point. 

Since nitric acid is taken in large excess than the stoichiometric requirement in these 

experiments, the dissolution of UO2 is pseudo first order with respect to nitric acid.  The 

apparent first order rate constant calculated using the model equation (5.12) for the various 

initial concentration of nitric acid is given in Table 5.125. 

 

Fig. 5.7. Effect of temperature on the dissolution of UO2 pellets in 8.05 M HNO3 
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Fig. 5.8. Effect of temperature on the dissolution of UO2 pellets in 10.3 M HNO3 

 
 

Fig. 5.9. Experimental and modelled UO2 dissolution curves in 8.05 M HNO3 at 

various temperatures 

 

Exp (70°C) 
Model (70°C) 
Exp (80°C) 
Model (80°C) 
Exp (90°C) 
Model (90°C) 
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Fig. 5.10. Experimental and calculated dissolution curves for UO2 pellets in 10.3 

M nitric acid at various temperatures 

 
 

Table 5.1. Pseudo 1st order rate constant for UO2 dissolution in HNO3 

Rate 

constant 

[HNO3] 

8.05 M 10.3 M 11.5 M 

Temperature (K) 

343 353 363 333 343 353 

k(m/s) 1.57E-03 3.19E-03 7.29E-03 2.02E-03 3.08E-03 1.30E-02 8.73E-02 

 

From the pseudo first order rate constant values in Table 5.1, it could be seen that on 

increasing the initial concentration of nitric acid from 8.05 to 10.3 M, the rate constant 

increases to above four folds and two folds at 353 and 343 K respectively.  The 

temperature dependency of the dissolution rate is governed by the Arrhenius equation26 

which is given by; 

 

ln(k) = ln(A) – Ea/RT (5.13) 

 

Exp (60°C) 
Model (60°C) 
Exp (70°C) 
Model (70°C) 
Exp (80°C) 
Model (80°C) 
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Where “A” is the pre exponential factor, Ea is the activation energy, R is the universal gas 

constant and T is the experimental temperature in kelvin. Thus the plot of ln(k) vs 1/T 

gives a straight line with the slope Ea/R. The Arrhenius plot for the dissolution reaction at 

8.05 and 10.3 M initial concentrations of acid are given in Figures 5.11 and 5.12 

respectively. 

 

Fig. 5.11. Arrhenius plot of ln(k) vs 1/T for UO2 dissolution in 8.05 M HNO3 

 
 

Fig. 5.12. Arrhenius plot of ln(k) vs 1/T for UO2 dissolution in 10.3 M HNO3 

 
The Ea for the dissolution reaction at the initial concentration of nitric acid being 8.05 and 

10.3 M as calculated from Figures 5.11 and 5.12 were about 80 and 90 kJ/mol 

respectively27. The calculation of the activation energy in this entire thesis (wherever 

applicable) was done using the standard MS Excel 2010 software with the confidence 

levels set at 95% by default. 

1/T 

ln
(k

) 

1/T 

ln
(k

) 
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In general, if the rate of the reaction is controlled by chemical reaction, Ea is more than 40 

kJ/mol and if the rate is controlled by diffusional process, Ea is less than 20 kJ/ mol, and 

the Ea value between 40 and 20 kJ/mol is expected for a mixed controlled regime28. The 

obtained value of Ea suggests a possible chemical reaction controlled regime in the 

temperature range of 233–363 K. Hence the contribution of diffusion process on 

dissolution rate of UO2 pellet could be assumed to be negligible under these experimental 

conditions. 

 

5.4.4 Conclusion based on the initial experiments on UO2 dissolution in nitric acid 

The dissolution behaviour of the typical Indian PHWR natural UO2 pellets in nitric acid 

medium has been studied at conditions relevant to FBR fuel reprocessing.  The reaction 

was modeled using the shrinking particle approach coupled with chemical reaction 

control.  The experimental and the calculated values are in good agreement thereby 

justifying the applicability of the model to study the dissolution reaction under the given 

conditions.  The model was also used to evaluate the pseudo first order rate constant. The 

determined rate constant suggests a fourfold increase in the reaction rate on changing the 

initial concentration of nitric acid from 8.05 to 11.5 M at 353 K. The reaction was carried 

out at different temperatures and the activation energy of the dissolution reaction was also 

estimated as a function of the initial concentration of acid. The estimated activation energy 

indicates the reaction to be predominantly chemical reaction controlled29. The approach 

would be further extended to evaluate the effect of other parameters like mixing speed and 

the surface area of the pellet on the rate of dissolution. The exercise and methodology 

employed to study the dissolution behaviour of UO2 fuel system, with added necessary 

safety precautions, would be adopted to study the dissolution behaviour of simulated 

urania ceria MOX and urania plutonia MOX pellets in nitric acid medium. 

 

5.5 Effect of mixing on the dissolution kinetics of UO2 pellets in nitric acid 

 

5.5.1 Introduction 

The rate of the reaction of a solid-liquid reaction system in a mechanically mixed Stirred 

Batch Reactor (SBR) type vessel is generally proportional to the mixing intensity30.  This 

observation generally holds good except for any change in the reaction mechanism or an 

autocatalytic reaction wherein one of the products formed catalyzes the reaction.  Thus in 
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general, for any solid-liquid reaction system, as the mixing intensity is increased, the rate 

keeps changing.  A stage would come wherein further increase in the mixing intensity 

does not affect the reaction rate practically any further31.  At this juncture, the diffusion 

control of the reaction is either at its bare minimum or absent and the rate of the reaction 

determined under such condition would be intrinsic in nature.  One of the objectives of the 

present work is to determine the intrinsic kinetics of the dissolution of nuclear fuel in nitric 

acid.  Hence the dissolution of UO2 pellets in nitric acid was carried out with different 

agitation rate to study the effect of mixing on the reaction rate. 

 

5.5.2 Experimental procedure 

The dissolution of sintered UO2 pellets in nitric acid was conducted in cylindrical glass 

reactor, shown in Figures 5.1 and 5.3, with varying rates of mechanical mixing using glass 

impeller.  The initial concentration of acid and temperature for each of this experiment 

was maintained at 8 M and 353 K respectively as justified in sections 5.2 and 5.3.  In each 

experiment, calculated amount of nitric acid was used to achieve uranium concentration 

levels of around 1.2 to 1.3 M at the end of dissolution which is adopted in typical 

reprocessing plants2. For every experimental run, required volume of 8 M nitric acid was 

taken in the reaction vessel and was first heated to a preset temperature (353 K in the 

present case). Once that temperature is reached, an UO2 pellet whose dimensions and 

weight were measured and recorded accurately and which is SS cladded was immersed 

carefully and placed at the bottom of the reactor as shown in Fig. 5.1.  The glass impeller 

was set to rotate at a known fixed RPM and the timer was started. Periodical samples were 

taken from the reaction mixture to analyze the concentrations of uranium, nitric acid and 

nitrous acid.  Heating at the constant set temperature was continued till the pellet dissolved 

completely. Similar experiments were carried out at different mixing rates to evaluate its 

effect on the rate of dissolution.  The various mixing rates employed during the 

experiments were 0, 100, 200, 300, 600, 900, 1200 and 1500 RPM. 

 

5.5.3 Results and discussion 

The plot of percentage dissolution as a function of time at various mixing intensity is 

provided in Fig. 5.13. 
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Fig. 5.13. Percentage UO2 dissolution in nitric acid at various mixing rate 

 
 

From Fig. 5.13, it could be observed that when the reaction mixture is stirred vigorously, 

the rate of UO2 dissolution in nitric acid decreases significantly till 600 RPM and remains 

almost constant on increasing it further32.  In other words, the time taken for the complete 

dissolution of same starting mass of sintered UO2 pellet under similar conditions increases 

from 600 to about 1100 mins as the stirring rate is increased from 0 to 600 RPM 

respectively33.  For all mixing rates from and above 600 RPM, the time taken for the 

complete dissolution is more or less same.  Thus for all the experiments where the mixing 

rate needs to be fixed constantly for studying the effect of any other parameter, 600 RPM 

was employed.  This observation is against the general perception that for any solid 

dissolving in a liquid, the rate of dissolution is directly proportional to the mixing rate.  

This is a fair indication that the mechanism operating in this reaction is different as against 

any solid dissolving in a liquid.  It should also be noted that, the dissolution curve at all 

mixing rates employed in this study has a sigmoidal or S shape34.  Autocatalytic reactions 

are generally found to exhibit sigmoidal or S shaped curve for the conversion of reactant/s 

to product/s35.  Hence as a first approximation, one could conclude that dissolution of UO2 

pellets in nitric acid is an autocatalytic reaction.  In literature, it has been postulated that 

the inverse relation between the mixing intensity and the rate of dissolution of UO2 fuel 

system in nitric acid medium is due to the autocatalytic action aided by nitrous acid36, 37. 
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It should be noted here that figures 5.7 and 5.8 does show a sigmoidal behaviour.  But it 

was not so prominent.  This is because, the set of experiments corresponding to figures 5.7 

and 5.8 were carried out under air sparged condition as shown in figures 5.2 and 5.4.  As a 

result, the nitrous acid produced in-situ at the pellet solution interface was dispersed into 

the bulk of the reaction mixture along the direction of the air flow thereby reducing the 

diffusional resistance offered to the reaction.  The slight sigmoidal shape of the curve 

indicates that the air flow rate is not high enough to eliminate the diffusional resistance 

completely. 

 

5.5.3.1 Role of nitrous acid 

The dissolution of UO2 fuel system in nitric acid is an oxidative dissolution process as 

U(IV) in the solid (UO2) is oxidized to U(VI) in the aqueous medium (UO2
2+ ions).  

Therefore the presence of any oxidizing agent in the reaction mixture during the course of 

dissolution would accelerate/catalyze the reaction.  It is well established in the literature 

that nitrous acid is produced in-situ during the dissolution of UO2 in nitric acid at the 

pellet-solution interface as per the stoichiometric equation given below,
37, 38. 

 

UO2+ 3HNO3 → UO2(NO3)2 + HNO2 + H2O (5.14) 

 

Thus the presence of nitrous acid, a good oxidizing agent, greatly enhances the dissolution 

rate of UO2 by oxidizing UO2 at the solid surface to UO2
2+ through the following 

reaction39. 

 

UO2+ 2HNO2 + 2H+ → UO2
2+ + 2NO + 2H2O (5.15) 

 

The nitrous acid so produced, finally decomposes as per the following reaction. 

 

HNO2 → 0.5NO + 0.5 NO2 + 0.5H2O (5.16) 

 

Thus the equation 5.3 mentioned earlier is the algebraic addition of equations 5.14 and 

5.16.  When the reaction mixture is stirred vigorously, there is a decrease in the 

concentration of nitrous acid at the pellet-solution interface due to the dispersal of nitrous 

acid into the bulk solution.  This tends to reduce the availability of nitrous acid at the 

106 
 



interphase, thereby leading to a decrease of the oxidative dissolution reaction in equation 

5.15.  Thus under agitated condition, UO2 dissolves only by equation 5.14 as against in the 

unstirred condition where it dissolves by both equations 5.14 and 5.15.  As an added 

effect, the rate of decomposition of nitrous acid is also enhanced with mixing40, resulting 

in further decrease in dissolution of UO2 by equation 5.15.  This explanation is 

schematically represented in Fig. 5.14. 

 

Fig. 5.14. Schematic representation of the effect of mixing intensity on the nitrous 

acid concentration profiles in the reaction system 

 
 

Experiments were formulated to test this hypothesis by monitoring the concentration of 

nitrous acid in the bulk reaction mixture along with uranium during the course of 

dissolution41.  The results are plotted in Fig. 5.15.  Fig. 5.15 indicates that, during the 

course of UO2 dissolution in nitric acid, upto 150 mins the concentration of nitrous acid 

increases and reaches its maximum irrespective of the mixing rate, gradually reduces from 

there and stabilizes at various levels depending on the intensity of agitation.  Nitrous acid 

once generated, is consumed in two ways, (i) its self-decomposition as per equation 5.16 

and (ii) its reaction with UO2 at the solid surface to generate UO2
2+ ions in the liquid as per 

the reaction 5.1542.  When the mixing rate is higher, nitrous acid gets dispersed faster and 

its self-decomposition rate is also higher43.  Hence its availability for the UO2 dissolution 

reaction as per equation 5.15 is reduced. 
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Fig. 5.15. Concentration profile of nitrous acid in the reaction mixture during the 

dissolution of UO2 in nitric acid at various mixing rates 

 
 

Thus the overall dissolution rate is decreased now as the dissolution takes place only by 

the reaction 5.14.  At lower mixing intensity, nitrous acid spends more time at the vicinity 

of the interface and thereby its consumption by reaction 5.16 to dissolve more UO2 

dominates over its self-decomposition.  This behaviour is further emphasized by an 

increase in dissolution rate at lower mixing rate as shown in Fig. 5.1344. 

To further ascertain the catalytic role of nitrous acid on the oxidative dissolution of UO2 in 

nitric acid, the reaction was carried out in the presence of hydrazine (0.5M hydrazine 

added at a rate of 1 mL/min) which reacts with nitrous acid and consumes it 

instantaneously45. The concentration profiles of uranium and nitrous acid are shown in 

Figures 5.16 and 5.17 respectively in the presence and absence of hydrazine. 

The results, as shown in Figures 5.16 and 5.17, clearly indicate that when there is no 

hydrazine in the reaction mixture, there is a steady increase in the concentration of both 

uranium and nitrous acid in it.   In its presence, hydrazine reacts with nitrous acid 

instantaneously and consumes it thereby reducing the availability of nitrous acid for the 

oxidative dissolution of uranium (refer equations 28-30 of Chapter 2 for the reactions 

between hydrazine and nitrous acid). When the addition of hydrazine is stopped, the 

dissolution reaction starts taking place at an increased rate as indicated by the increase in 

the slope of the concentration profile curves of uranium and nitrous acid in the reaction 
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mixture in Figures 5.16 and 5.17 respectively. This confirms the autocatalytic role of 

nitrous acid during the oxidative dissolution of UO2 in nitric acid medium. 

 

Fig. 5.16. Effect of hydrazine on the uranium concentration profile during UO2 

dissolution in nitric acid 

 
 

Fig. 5.17. Effect of hydrazine on the nitrous acid concentration profile during 

UO2 dissolution in nitric acid 

 
 

The results also indicate that during the dissolution of TRSF in nitric acid wherein 

uranium constitutes more than 99% of actinide elements, the dissolution would be faster 

under unstirred condition. Though agitation of the spent fuel is required to break down the 
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solid fuel particles and establish better contact between nitric acid and the spent fuel 

particles, the above results translates into the fact that if excess nitrous acid is supplied 

into the dissolver solution either by the addition of sodium nitrite or by sparging NO2 gas, 

the reaction would proceed faster thereby increasing the overall plant production rates. 

Thus the optimization of dissolution process with respect to agitation and sparging with 

NO2 gas would greatly enhance the TRSF dissolution rates during its reprocessing. 

 

5.5.4 Conclusions of experiments on the effect of mixing on UO2 dissolution rate 

Various parameters which influence the dissolution kinetics of UO2 in nitric acid, 

particularly the effect of mixing intensity and the role of nitrous acid were studied in 

detail.  The retarding effect of the intensity of mixing the reaction mixture on the rate of 

dissolution of UO2 was explained based on the autocatalytic role of nitrous acid.  The 

explanation was justified by the reduction in the dissolution rate in presence of hydrazine, 

a masking reagent for hydrazine.  These results and their explanations clearly emphasizes 

the necessity to optimize the operating parameters like stirring rate and sparging of NO2 

gas into the spent nuclear fuel dissolution mixture to improve the throughput of the 

dissolution process in a TRSF reprocessing plant. 

 

5.6 Effect of temperature on the intrinsic kinetics of UO2 dissolution 

 

5.6.1 Introduction 

In the previous section, it has been brought out that the rate of dissolution of sintered UO2 

pellets in nitric acid under the given experimental conditions, does not vary much starting 

from 600 RPM and beyond.  Hence 600 RPM has been fixed as the mixing rate for 

studying the effect of temperature on the intrinsic kinetics of UO2 pellet dissolution in 

nitric acid.  The cylindrical glass dissolver which was used to study the effect of mixing 

was used for evaluating the effect of temperature on the reaction kinetics. 

 

5.6.2 Experimental details and procedure 

Experiments were conducted in same/similar cylindrical glass reactor, shown in Figures 

5.1 and 5.3, that was used for studying the effect of rate of mixing.  The initial 

concentration of nitric acid and mixing rate for each of this experiment was maintained 

constantly at 8 M and 600 RPM respectively as explained earlier in sections 5.2 and 5.5.3 
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respectively.  The temperature was varied from 343 to 373 K in steps of 5 K.  In each of 

the experiment, required numbers of standard UO2 pellets and 8 M nitric acid was used to 

achieve a uranium concentration of about 1 M at the end of each experiment.  Pellets were 

chosen such that the cumulative starting weight of all the pellets put together is almost the 

same in all the experiments.  The initial volume of nitric acid was chosen to ensure the 

proper immersion of the glass impeller into the liquid mixture right till the end of each 

experiment, taking into account the amount of nitric acid that would be lost in each of the 

entire experiment in the form of periodic samples. 

For every experimental run, nitric acid was taken in the reaction vessel and was first 

heated to a preset temperature. Once the set temperature is reached, required numbers of 

UO2 pellet/s, whose dimensions and weight were measured and recorded accurately and 

which were SS cladded, were immersed carefully and placed at the bottom of the reactor 

as shown in Fig. 5.1.  The glass impeller was set to rotate at 600 RPM constantly using a 

DC motor and the timer was set. Periodical samples were taken from the reaction mixture 

to analyze uranium, nitric acid and nitrous acid concentrations.  To the extent possible, the 

sampling frequencies were maintained constant across all experiments for the ease of 

comparing the results.  Heating at the constant set temperature was continued till the pellet 

dissolved completely.  All the connections were ensured to be sufficiently air tight to 

avoid the loss of nitric acid vapors and also for effectively scrubbing and determining the 

composition of the off gases evolved.  Similar experiments were carried out at different 

temperature to evaluate its effect on the rate of dissolution. 

 

5.6.3 Results and discussion 

The results of the experiments carried out to study the effect of temperature on the 

dissolution kinetics of UO2 pellets in nitric acid is presented in Fig. 5.18.  It has to be 

noted that the data in Fig. 5.18 is much different from that in Fig. 5.7 though both 

correspond to UO2 dissolution at 353K and 8 M starting nitric acid concentration.  The 

earlier experiment was carried out with excess nitric acid.  Hence the concentration of acid 

practically remained constant and hence the reaction rate was relatively higher.  But in the 

latter, the amount of acid taken initially was much lower (but sufficiently more than the 

required stoichiometry).  Hence the rate was relatively lower.  The amount of acid 

required was calculated such that, the final concentration of uranium is in line with a 

typical PUREX process flowsheet. 
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Fig. 5.18. Effect of temperature on the dissolution kinetics of UO2 pellets in HNO3 

 
 

As reported earlier in this thesis (section 5.5.3), all the dissolution curves in Fig. 5.18 has 

an ‘S’ shape indicating the autocatalytic nature of the reaction.  It could also be noted that 

as the temperature increases, the rate of the reaction also increases which is indicated by 

the reduced time taken for the complete dissolution of similar starting amount of UO2 

pellet/s at higher temperatures.  This data is subsequently used in determining the rate 

constant as a function of temperature and the apparent activation energy of the dissolution 

reaction using Arrhenius relation. 

To understand the role played by nitrous acid on the dissolution kinetics of UO2 pellets at 

various temperatures of the studies, the concentration of nitrous acid was also measured 

during all these dissolution experiments.  The concentration profile of nitrous acid as a 

function of time during the UO2 dissolution experiments at various temperatures indicated 

in Fig.5.18 are plotted in Fig. 5.19. 

The most striking and important feature of Fig. 5.19 is the abrupt decrease in the nitrous 

acid concentration profiles at all conditions at the end of dissolution.  As soon as the last 

spec of the pellet dissolved, the nitrous acid concentration suddenly decreased indicating 

that it is produced in-situ during the dissolution of UO2 in nitric acid.  Though there would 

be some amount of nitrous acid always associated with nitric acid46, the observations of 

Fig.5.19 shows that the concentration of nitrous acid produced in-situ during the 

dissolution of UO2 pellet in nitric acid is far higher than that presently inherently in 

equilibrium with nitric acid at that temperature. 
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Fig. 5.19. Nitrous acid concentration profile during UO2 dissolution at various 

temperatures 

 
 

Nitrous acid is very reactive and decomposes to NOX gases during UO2 dissolution in 

nitric acid medium39 which is highly favored at higher temperatures.  Hence the amount of 

nitrous acid found in the bulk of the reaction mixture as indicated in Fig. 5.19 is lower at 

higher temperatures.  Therefore the catalytic effect of nitrous acid towards the dissolution 

of UO2 pellets is limited at higher temperatures.  But still the rate of the dissolution 

reaction is found to be higher at higher temperatures.  Thus it could be concluded that the 

positive effect of higher temperatures towards the rate of dissolution of UO2 in nitric acid 

medium overrides the absence of the autocatalytic effect of nitrous acid whose 

decomposition rate increases with increase in temperature. 

 

5.7 Determination of the composition of NOX gas evolved during dissolution 

 

5.7.1 Importance of the measurement of NOX gas composition during dissolution 

Nitric acid is the medium of choice for processing the spent nuclear fuel through aqueous 

route by employing PUREX process for various reasons47.  Hence NOX gases are 

generated during most of the process steps in reprocessing, especially during dissolution 

where concentrated nitric acid is employed at high temperatures.  The NOX gases are 

generated during the dissolution of UO2 in nitric acid predominantly due to the 
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decomposition of nitrous acid38.  Due to the chemical conditions that prevail in a typical 

PUREX process14, 48, only NO and NO2 gases gets generated46.  The composition of these 

NOX gases depends on the initial concentration of the nitric acid used during the 

dissolution process step49.  As explained in the section 5.3.3.1, nitrous acid plays an 

important role in the dissolution reaction36-45.  Therefore to determine the mechanism of 

the dissolution reaction, it is mandatory to know the profiles of the NOX gases during the 

course of the reaction to understand the behaviour of nitrous acid.  Also the composition 

of NOX gases plays an important role on the reaction mechanism of dissolution of nuclear 

fuel in nitric acid50.  Hence by measuring the composition of the NOX gases, one could get 

to know about the mechanism and thereby the intrinsic rate of dissolution of nuclear fuel 

in nitric acid which is the fundamental data required for designing a continuous dissolution 

process for spent nuclear fuel reprocessing applications51. 

 

5.7.2 Principle of analysis 

For the purpose of this study, NOX gases were generated by reacting a known amount of 

sodium nitrite with nitric acid in a closed stirred reaction chamber.  This reaction was 

chosen as it is fast and is more amenable with the analytical methods adopted for the 

determination of the off-gas composition52. The NOX gases evolved during the reaction 

were scrubbed in two NaOH scrubbers in series before exhausting them into the 

atmosphere.  The NO and NO2 gases evolved in the reaction, react with NaOH in the 

scrubbers forming sodium nitrite and nitrate whose stoichiometry is well established55. By 

measuring the concentration of the nitrate and nitrite ions in the scrubber solution before 

and after scrubbing, the composition of the NOX gas was back calculated from the overall 

stoichiometric reactions.  Though there were many methods reported in the literature for 

the measurement of NOX composition in radioactive environment53, the present method is 

the simplest, straight forward and easily adaptable54. 

 

5.7.3 Reactions involved 

The reaction between sodium nitrite (NaNO2) and nitric acid happens through any of the 

following three stoichiometric equations depending on the conditions52. Assuming that all 

the mechanisms are equally probable, the overall reaction stoichiometry could be arrived 

as follows. 
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3NaNO2 + 2HNO3 → 3NaNO3 + 2NO + H2O (5.17) 

2NaNO2 + 2HNO3 → 2NaNO3 + NO + NO2 + H2O (5.18) 

NaNO2 + 2HNO3 → NaNO3 + 2NO2 + H2O (5.19) 

 

The overall reaction could be represented as follows. 

 

2NaNO2 + 2HNO3 → 2NaNO3 + NO + NO2 + H2O (5.20) 

 

When the NOx gases are scrubbed in sodium hydroxide, sodium nitrite and nitrate are 

formed as per the following stoichiometric reactions55. 

 

NO + NO2 + 2NaOH → 2NaNO2 + H2O (5.21) 

2NO2 + 2NaOH → NaNO2 + NaNO3 + H2O (5.22) 

N2O3 + 2NaOH → 2NaNO2 + H2O (5.23) 

N2O4 + 2NaOH → NaNO2 + NaNO3 + H2O (5.24) 

 

By estimating the amount of nitrite and nitrate ions formed in the sodium hydroxide 

scrubbers, the composition of the NOX gas could be back calculated using the above 

stoichiometric reactions. 

 

5.7.4 Experimental setup and procedure 

The experimental set-up (fig.5.1 and fig.5.3) consists of a cylindrical glass reaction 

chamber that is closed to sufficient leak tightness and is connected with a reflux 

condenser.  The condenser is connected to two NaOH glass scrubbers in series for the 

purpose of absorbing the NOX gases quantitatively after which the off-gas is exhausted to 

the atmosphere.  The initial concentration of the NaOH scrub solution is 2 M.  To the 

reaction chamber containing known quantity of nitric acid, calculated quantity of sodium 

nitrate of known concentration is added to generate NOX gases which are then bubbled 

through sodium hydroxide scrubbers.  The generated NOX gases are completely absorbed 

in the two scrubbers by maintaining a slight negative pressure inside them using an air 

ejector set-up.  After ensuring the completion of reaction and total absorption of the NOX 

gases as indicated by the absence of any brown fumes, samples from the two scrubbers are 

taken and analysed by ion chromatographic method for the concentration of total nitrate 
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and nitrite ions.  From these values and from the stoichiometric equations for the 

scrubbing of NOX gases in NaOH as given in equations 5.21 and 5.22, the compositions of 

the NOX gases are back calculated. 

 

5.7.5 Analytical instruments 

The details of the analytical instruments used for the NOX measurement studies are 

already explained in section 4.7.  the analytical procedure is discussed in detail in the 

following sections. 

 

5.7.6 Analytical procedure 

An analytical method for the determination of the composition of NOX gas was 

standardized using mixtures of solution of standard sodium nitrite and sodium nitrate of 

various proportions. 2 M sodium hydroxide was used as the scrub solution to trap the 

NOX gases evolved from the reaction mixture.  Hence, appropriately diluted 2 M sodium 

hydroxide is used to generate the blank/base line of the chromatogram.  Figures 5.20 and 

5.21 shows the calibration graphs for nitrate and nitrite ion determinations respectively by 

IC. 

 

Fig. 5.20. Calibration graph for the nitrate concentration varies from 10-100 ppm 
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Fig. 5.21. Calibration graph for the nitrite concentration varies from 10-100 ppm 
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During the analysis of any unknown sample, the response of the analytes in the unknown 

samples (NOX) was compared with the calibration curves in Figures 5.20 and 5.21 and the 

concentrations of nitrite and nitrate ions generated by the unknown samples of NOX gas in 

the NaOH scrubber were determined. Typical Ion-Chromatogram of nitrite and nitrate ions 

(10 ppm) is shown in Fig. 5.22.  

 

Fig. 5.22. Typical Ion –Chromatogram of nitrite and nitrate ions (10 ppm) 
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The overlay of the two chromatogram peaks at various concentrations against the base line 

is given in Fig. 5.23. 

 

Fig. 5.23. Overlay view of the chromatogram peaks of nitrite and nitrate ions 

from 10 -100 ppm against the base line 

 
 

5.7.7 Results and conclusion on NOX gas compositions measurements 

Nitrogen oxide gases were generated using standard reaction and an IC based analytical 

method was developed for the estimation of the composition of the gases.  The method is 

amenable to be adopted for radiochemical plant applications.  The composition of the NOX 

gases generated during the dissolution experiments of all fuel materials as a part of this 

thesis work was estimated based on this method only. 

 

5.8 Mechanism of UO2 dissolution relevant to PUREX process 

 

5.8.1  Introduction 

The mechanism and kinetics of the dissolution of the nuclear fuel under consideration is 

the most important and foremost input data required for the design of a continuous 

dissolution system in a spent fuel reprocessing plant.  Hence it is desirable to determine 

these data for a typical FBR fuel under PUREX process conditions.  As UO2 is the major 

component of a typical FBR fuel (20-30 wt % PuO2 and the rest UO2), it was felt prudent 

to first systematically evaluate the dissolution kinetics of UO2 fuel under typical PUREX 
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process conditions and then gradually fine tune the experimental methodology for 

determining the dissolution kinetics of plutonium rich MOX fuel in nitric acid.  This 

section of the thesis explains how the mechanism of dissolution of unirradiated sintered 

UO2 fuel pellets under typical PUREX conditions has been unraveled from the knowledge 

of the concentration profiles of nitric and nitrous acids and NOX gases that are determined 

during the course of its dissolution in nitric acid under various process conditions56. 

 

5.8.2 Consolidation of experimental observations 

The stoichiometric dissolution reactions of UO2 in nitric acid could be represented by 

equations 5.1, 5.2 and 5.3 mentioned in section 5.4.1.  These equations are reproduced 

here for ease of reference. 

 

UO2 + 4HNO3 → UO2(NO3)2 + 2NO2 + 2H2O (5.1) 

3UO2 + 8HNO3 → 3UO2(NO3)2 + 2NO + 4H2O (5.2) 

UO2 + 3HNO3 → UO2(NO3)2 + NO + NO2 + 3H2O (5.3) 

 

Reaction 5.1 occurs predominantly when the acid concentration is above 8 M and the rest 

of the two reactions take place predominantly below 8 M acidity.  The ratio of the amount 

of nitric acid consumed to the amount of uranium dissolved during the course of UO2 

dissolution experiments under typical Purex process conditions (8 M nitric acid and 353 

K), as a function of stirring speed is given in Fig. 5.24. 

 

Analysis of Fig. 5.24 shows that the ratio of [H+] reacted to [U(VI)] dissolved is always 

between 2.7 to 3 all through the dissolution process.  This indicates that it is the reactions 

given in equations 5.2 and 5.3 which are taking place predominantly.  The experimental 

data was plotted and the reaction mechanism was proposed by analyzing the plots of 

formation of UO2(NO3)2, NO, NO2, HNO2 and depletion of HNO3 with respect to time.  

These concentration profiles for the UO2 pellet dissolution carried out at 600 RPM in 8 M 

nitric acid are given in Fig. 5.25. 

For the ease of understanding, the profile of half of uranium ([U(VI)]/2) in the reaction 

mixture is also plotted along the profiles of NOX gases in Fig. 5.25 and 5.26.  Fig. 5.24 

indicates that the formation of NO is almost 0.5 to 0.6 times the formation of uranium 

product.  This further confirms that reaction 2 and 3 might be possible. 
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Fig. 5.24. Ratio of HNO3 consumed to uranium dissolved 

 
 

Fig. 5.25. Profiles of [U(VI)], [NO], [NO2], [HNO3] and 

([H+] consumed /[U(VI)] dissolved) ratio during UO2 dissolution 

 
 

Unlike NO, NO2 concentration is very low initially.  At around 550 mins, it becomes equal 

to NO concentration which is almost half of the concentration of uranium ([U(VI)]/2). 

This shows that dissolution proceeds according to reaction 3 after 600 mins.  From Fig. 

5.15, it could be seen that the formation rate of nitrous acid is rapid initially, then reaches 

a maximum and finally decreases gradually at a rate depending on the intensity of mixing. 
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Fig. 5.26. Profiles of [NO], [NO2] and [U(VI)/2] during dissolution 

 
 

At higher stirring intensity, the rate of decrease after the maximum value is steady and 

very slow.  But as the agitation rate is reduced, this decrease in the concentration of 

nitrous acid is very abrupt indicating that the consumption of nitrous acid is faster at lower 

mixing rates.  Also the amount of nitrous acid formed towards the later part of the reaction 

is high, which could not be explained by reaction 5.2.  Hence it could be assumed that it is 

reaction 5.3 which takes place predominantly rather than reaction 5.2 during this period. 

 

5.8.3 Proposed mechanism for UO2 dissolution in nitric acid under PUREX conditions 

The mechanism of the dissolution of UO2 could be explained by dividing the dissolution 

process into three different time zones as given in Fig. 5.27. 

 

5.8.3.1. Time zone 1: (0 to 300 min) 

The dissolution of UO2 is initiated in this time zone and the reaction takes place according 

to the equation 5.3 in two steps as given below57. 

 

Step 1:  UO2+3HNO3 → UO2(NO3)2 +HNO2+ H2O (5.25) 

Step 2:  HNO2 → 0.5 NO2 + 0.5 NO+ 0.5 H2O (5.26) 

 

Hence, whatever nitrous acid that is formed initially during the dissolution reaction, 

immediately diffuses into the bulk, and attains a steady state concentration depending on 
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the mixing rate. 

 

Fig. 5.27. Various time zones during the dissolution of UO2 in nitric acid 

 
 

Fig. 5.28. Concentration profiles of NO, NO2, HNO2 and uranium in time zone 1 

 
 

Subsequently it dissociates into NO and NO2.  NO being less soluble in water escapes 

out58 and hence its concentration is higher in the off-gas stream as indicated in the plot.  
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NO2 reacts with water to form HNO2 and HNO3 as per equation 5.27.  Thus NO2 profile in 

the off-gas stream is pretty low in this time zone. 

 

2NO2 + H2O → HNO2 + HNO3 (5.27) 

 

For better clarity, the expanded view of the concentration profiles of all the species 

involved in the reaction during the time zone 1 is given in Fig. 5.28. 

 

5.8.3.2. Time zone 2: (300-600 min) 

In this time zone, the concentration of nitrous acid reaches an equilibrium value as it is 

almost constant.  Thus, the nitrous acid produced instantaneously dissociates into NO and 

NO2. Due to the dissolution of UO2 from the external layer of the pellet/s, new surface 

gets generated.  Some amount of nitrous acid gets adsorbed on this newly generated 

surface of UO2 and this further catalyzes the dissolution of UO2.  This leads to an increase 

in the rate of reaction as indicated by an increase and decrease in the slopes of [U(VI)] and 

[HNO2] plots respectively.  In the case of experiments with lower mixing rate, since 

nitrous acid dispersion to the bulk of the liquid is relatively slow, it spends more time at 

the vicinity of the pellet surface.  Hence its consumption is more towards dissolution.  This 

could be inferred from the higher slope of uranium concentration profile and the decrease 

in the slope of the NO line.  Also there is a faster decrease in the concentration of nitrous 

acid in the time zone 2 of Fig. 5.27 as the mixing intensity is decreased.  This further 

reinstates the fact that at lower mixing rate, the consumption of nitrous acid towards the 

dissolution is predominant rather than towards its self-decomposition.  For better clarity, 

the expanded view of the concentration profiles of all the species involved in the reaction 

during this time zone is given in Fig. 5.29. 

 

5.8.3.1. Time zone 3: (above 600 mins) 

The autocatalytic effect of nitrous acid in time zone 2 had resulted in the dissolution of 

more UO2.  Hence the pellet surface area available for the reaction had sufficiently 

decreased by the time the reaction reaches the time zone 3.  Therefore the catalytic effect 

of nitrous acid also decreases. At the same time the reaction of NO2 with water (reaction 

5.27) had reached equilibrium and hence its concentration profile follows the same trend 

as that of NO.  For better clarity, the expanded view of the concentration profiles of all the 
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species involved in the reaction during this time zone is given in Fig. 5.30. 

 

Fig. 5.29. Concentration profiles of NO, NO2, HNO2 and uranium in time zone 2 

 
 

To sum up, it could be concluded that the dissolution of UO2 under typical PUREX 

process conditions proceeds predominantly by equation 5.3 which takes place in two steps 

as depicted in equations 5.25 and 5.26.   

 

Fig. 5.30. Concentration profiles of NO, NO2, HNO2 and uranium in time zone 3 
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In the first reaction, nitrous acid is produced directly by the dissolution of UO2.  Due to its 

high reactivity in aqueous solution, nitrous acid self decomposes to NO and NO2.  

Subsequently the NO2 produced, reacts with water as per equation 5.27 and forms nitrous 

and nitric acids.  Hence the overall stoichiometric reaction is the algebraic sum of these 

three equations (5.25 to 5.27) which is given as equation 5.28. 

 

UO2 + 2.75 HNO3 → UO2(NO3)2 +0.5 NO + 0.25 HNO2+ 1.25 H2O (5.28) 

 

This overall stoichiometric consumption of nitric acid is what is observed in all our 

dissolution runs irrespective of the stirring speed which indicates that this mechanism 

holds good under all conditions of a typical PUREX process51, 55. 

 

5.8.4 Conclusion on the proposal of UO2 dissolution mechanism 

The mechanism of UO2 dissolution was established by analyzing the data obtained from 

the experiment. It was seen that UO2 initially reacts with nitric acid to form nitrous acid 

which quickly diffuses into the bulk of the reaction mixture and then dissociates to form 

NOx. NO2 formed from the dissociation reaction, reacts with water to form nitrous acid 

again which settles down on the surface of the reactant particle and catalyzes the 

dissolution reaction further, before attaining equilibrium. The catalytic effect reduces as 

the concentration of the reactant and surface area decrease until all of UO2 is reacted. 

 

5.9 Effect of surface area 

 

5.9.1. Basis for studying the surface area effect on dissolution kinetics 

The dissolution of nuclear fuel in nitic acid is a solid-liquid heterogeneous reaction, for 

which, the surface area of the solid is an important parameter that would influence the 

reaction kinetics.  Since the nuclear fuel dissolution is a surface phenomenon, the surface 

area should be directly proportional to the reaction rate.  Hence qualitatively it is well 

established that more the availability of the solid surface area at any given time, faster 

would be the dissolution reaction rate.  In order to quantify this, experiments were 

conducted to evaluate the effect of surface area on the rate of UO2 dissolution reaction rate 

in nitric acid. 
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5.9.2. Experimental procedure 

The initial concentration of nitric acid and temperature were fixed at 8 M and 353 K, as 

justified in sections 5.2 and 5.5.3 respectively for all the experiments to be carried out to 

evaluate the surface area effect on the reaction rate.  The mixing rate was maintained 

constantly at 600 RPM as mentioned in section 5.5.3.  Three experiments were conducted 

wherein the pellet was dissolved as such in the 1st experiment.  In the 2nd and 3rd 

experiments, the pellet was cut into two and three parts respectively.  A diamond wheel 

cutter was employed to cut the pellets along the curved surface area such that the resulting 

pieces are 2 or 3 small discs of same height as the case may be.  In the case of the pellet 

being cut into two pieces, the height of each piece was about 7.6±0.2 mm.  In the case of 

three pieces they were about 4.9±0.2 mm.  The diameter of the original pellet remained the 

same as it was not altered. 

 

The initial surface area of all UO2 pellets as well as the cut pieces were measured by 

nitrogen adsorption technique based on BET method59.  The cylindrical glass dissolver 

shown in Figures 10 and 11 was employed.  In each of the experiment, the mass of the 

starting UO2 pellet or all the pieces put together, as the case may be, was almost 

maintained constant.  Same volume of 8 M nitric acid was taken at the beginning of each 

of the dissolution experiment. 

 

5.9.3. Surface area measurements during the course of dissolution of UO2 in HNO3 

During the course of all the dissolution experiments, samples were taken from the reaction 

mixture at regular intervals of time for the analysis of uranium and acidity.  During the 

sampling time, the heating of the reaction mixture was stopped.  All the nitric acid from 

the reaction vessel was drained carefully and slowly without disturbing the UO2 

pellets/pieces so that their dimensions does not get altered significantly.  Then these 

pellets/pieces were washed carefully with distilled water thoroughly to remove all the 

residual nitric acid sticking to their surface and also that trapped inside the open pores of 

the pieces.  Finally they are washed with acetone to remove the traces of water in them.  

Later they were placed on a clean dry wash glass and dried in an oven at around 333-343 

K for about 1 hour.  After cooling, the surface area of the samples was measured by BET 

method.  In the BET method, a known composition of N2-He gaseous mixture is allowed 

to pass through the pellet in a close path during which some amount of He gets adsorbed 
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on to the surface of the pellet and in the open pores.  The conductivity of the gaseous 

mixture is measured before and after passing through the solid sample which will be 

different due to the preferential adsorption of He.  This difference is then correlated to the 

total surface area of the pellet including the open pores. 

Once the surface area and dimensions of the pellet/pieces were measured, the nitric acid 

mother dissolver solution from which the dissolving pellet/pieces were removed was 

restored back to the glass dissolution set.  All the connections to the glass dissolution set-

up were given again and services like chilled water for the off-gas condenser were 

restored.  The original nitric acid (containing the partially dissolved uranium in it) is 

heated back to the original set temperature (353 K in this case).  When the set temperature 

was reached, the pellet/pieces whose surface area was measured, was replaced back into 

the hot nitric acid and the timer was continued.  This exercise was repeated at every 

sampling point and the surface area profile of the dissolving solid as a function of time 

was generated. 

 

5.9.4. Principle of surface area measurements 

Brunauer–Emmett–Teller (BET) theory aims to explain the physical adsorption of gas 

molecules on a solid surface and serves as the basis for an important analysis technique for 

the measurement of the specific surface area of materials.  The BET theory applies to 

systems of multi-layer adsorption, and usually utilizes probing gases that do not 

chemically react with material surfaces as adsorbates to quantify specific surface area. 

Nitrogen is the most commonly employed gaseous adsorbate used for surface probing by 

BET methods. For this reason, standard BET analysis is most often conducted at the 

boiling temperature of N2 (77 K). 

 

The concept of BET theory is an extension of the Langmuir theory of monolayer 

molecular adsorption to multilayer adsorption with the following hypotheses: (a) gas 

molecules physically adsorb on a solid in layers infinitely; (b) there is no interaction 

between each adsorption layer; and (c) the Langmuir theory could be applied to each layer. 

The resulting BET equation is expressed by equation (5.29): 

 

 
(5.29) 
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P and P0 are the equilibrium and the saturation pressure of adsorbates at the temperature of 

adsorption, υ is the adsorbed gas quantity (for example, in volume units), and υm is the 

monolayer adsorbed gas quantity. ‘c’ is the BET constant, which is expressed by equation 

(5.30): 

 

 
(5.30) 

 

where E1 is the heat of adsorption for the first layer, and EL is that for the second and 

higher layers and is equal to the heat of liquefaction. 

 

Equation (5.29) is the adsorption isotherm and could be plotted as a straight line with 

1/v[(P0/P)−1] on the y-axis and P/P0 on the x-axis from the experimental results. This plot 

is called a BET plot. The linear relationship of this equation is maintained only in the 

range of 0.05<P/P0<0.35. The value of the slope (A) and the y- intercept of the line (I) are 

used to calculate the monolayer adsorbed gas quantity υm and the BET constant c using 

equations 5.31 and 5.32. 

 

υm = 1 / (A+I) (5.31) 

C = 1+ (A/I) (5.32) 

 

The BET method is widely used in surface science for the calculation of surface areas of 

solids by physical adsorption of gas molecules. A total surface area Stotal and a specific 

surface area SBET are evaluated by the following equations. 

 

Stotal = (υm•N•s)/V (5.33) 

SBET = Stotal / a (5.34) 

 

Here N is the Avogadro's number, s is the adsorption cross section of the adsorbing 

species, V is the molar volume of adsorbent gas and ‘a’ is the mass of adsorbent (in g). 

 

5.9.5. Results and discussion for the surface area measurements 

The dissolution profile for the three experiments with one, two and three pieces of the UO2 
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pellet/s in nitric acid in terms of percentage dissolved is given in Fig. 5.31.  It should be 

noted that the mass of initial UO2 is almost the same in each of these experiments. 

 

Fig. 5.31. Dissolution of UO2 in nitric acid as a function of initial surface area 

 
 

The results are along the line of expectation that more the surface area of the initial mass 

of UO2, higher would be the rate of dissolution reaction.  Again, irrespective of the 

starting surface area, all the dissolution curves are “S” shaped as reported earlier in section 

5.5.3.  This further confirms the autocatalytic role of nitrous acid. 

The plots of surface area of the pellet/pieces put together in each of these three cases as a 

function of time during the course of the dissolution reaction were measured and are given 

in Fig. 5.32. 

 

Fig. 5.32. Surface area profile for UO2 dissolution in nitric acid as a function of 

initial surface area 
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Fig. 5.32 indicates that the surface area profile follows the same trend in all the cases.  

That is, it starts from a specific value, reaches a maximum and falls down to zero when the 

dissolution is completed.  As the pellet starts dissolving, its surface gradually roughens 

becomes more porous leading to the increase in the total surface area.  As the pellet 

continues to dissolve, the surface area gradually reaches a maximum when the roughness 

of the pellet is at its highest. 

Subsequently, due to further dissolution, the pellet dissolves and the surface area gradually 

reduces to zero at the completion of the reaction.  It also shows that as the pellet is cut into 

more number of pieces; the peak of the curve also increases.  This is understandable since 

the initial surface area also increases with increase in the number of pieces for almost the 

same staring mass of UO2.  But what is more interesting is that, the slope of the rise and 

fall of this curve is steeper with increase in the initial surface area.  This indicates that the 

reaction happens rapidly as the initial surface area is increased. 

 

A similar trend is seen in the slope of the percentage dissolution curve in Fig. 5.31.  Thus, 

as the initial surface area is higher for same initial mass, the dissolution rate is also higher.  

The information in Fig. 5.32 is normalized in terms of specific surface area and is plotted 

in Fig. 5.33 which clearly indicates the positive influence of the initial surface area on the 

dissolution rate. 

 

Fig. 5.33. Variation of specific surface area for UO2 dissolution in nitric acid as a 

function of initial surface area 
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All the data presented in this thesis were used for modeling the reaction to arrive at a 

generalized rate expression for the dissolution of UO2 pellets in nitric acid. 

 

5.10 Modeling of UO2 dissolution reaction 

 

5.10.1. Introduction to solid-liquid reactions 

Solid-liquid reactions are commonly encountered in industries as well as in everyday life. 

In industry, very large volumes of products are synthesized via solid-liquid reaction 

routes. The starting point in designing an industrial process should be a detailed 

understanding of the thermodynamics and kinetics of the chemical reactions involved in 

the process. The detailed understanding of the reaction kinetics and thermodynamics is 

also crucial for optimizing the already existing plant processes. Thermodynamics limits 

the extent of any chemical reaction, by setting the boundaries of chemical equilibria. The 

major factors governing the rates of chemical reactions are the concentrations or activities 

of the reactants, temperature, pressure and mass and heat transfer properties. 

 

5.10.2. Basis of modeling 

The knowledge of the kinetics is crucial for the design and development of the industrial 

processes. Quantitative modeling of the behaviour of reactive solids in liquids is a big 

challenge60. The reaction mechanism could be a very complex one, often comprising 

several unknown elementary steps. The structure and structural changes of the solid 

material are also often difficult to determine. Kinetics and mass transfer effects are always 

coupled.  Hence to determine the intrinsic kinetics, the experiments should be free from 

mass transfer limitations. External mass transfer resistance could be suppressed by 

creating sufficient turbulent effects around the solid particles, but internal mass transfer 

effects could be present for porous particles. A common methodology in investigating the 

kinetics of a chemical reaction is to carry out experiments in a batch reactor and follow the 

product and/or reactant concentrations as a function of time. The influence of external 

mass transfer could be experimentally determined by performing experiments at 

sufficiently high stirring rate such that further increase in stirring speed has no influence 

on the reaction rate61. Internal mass transfer is relevant only for porous solids and this 

could be experimentally investigated, for example, by performing experiments with 

different particle sizes.  In the present case, no investigation on the internal mass transfer 
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could be carried out since the particle size of the dissolving UO2 pellets is a function of its 

extent of damage by irradiation.  Hence, one needs to generate data on the nature and 

characteristics of the surface and particles of UO2 pellets as a function of different 

burnups.  As this involves more sophisticated and dedicated analytical facilities, it is not 

carried out as a part of the thesis.  Studies on the changes in the surface morphology and 

particle size of the spent nuclear fuel are itself a separate topic and needs detailed 

investigation.  After evaluating mass transfer effects, systematic kinetic experiments were 

performed at different temperatures and other relevant conditions to determine their 

influence on the rate. 

In the present study, dissolution of sintered UO2 pellet in nitric acid is the solid-liquid 

reaction under consideration. The dissolution experiments are conducted at different 

stirring speeds to study the effect of mass transfer on dissolution rate. As reported already, 

the time taken for the complete dissolution of the given mass of UO2 pellets in nitric acid 

under similar conditions, increases with stirring speed until 600 rpm and thereafter the rate 

of dissolution is not much influenced by stirring speed on.  That is the rate of dissolution is 

inversely related to the stirring speed till 600 RPM and almost remains constant with 

further increase in stirring rate.  Thus the influence of external mass transfer is at its barest 

minimum at and beyond 600 RPM.  Hence to study the intrinsic kinetics, the experiments 

were conducted at different conditions of acidity and temperature at a stirring speed of 600 

rpm. Hence, in these experiments, the external mass and heat transfer could be neglected 

since the mixing was efficient and the reaction rate also being sufficiently slow. 

As reported in the previous section, experiments were conducted by taking 4 pellets 

together with almost similar cumulative average weight and diameter.  The dissolution 

was conducted with 8 M HNO3 at 343, 348, 353, 358, 363, 368 and 373 K. Concentration 

of HNO3, uranium and total surface area of pellets were measured at different intervals of 

time.  The objective of the current work is to explore different approaches for modeling 

solid-liquid reaction, (dissolution of solid in liquid). 

 

5.10.3. Methodologies of modeling 

For modeling the dissolution reactions of UO2 pellets in nitric acid, three different 

approaches were undertaken as explained in the following sections. 

 

5.10.3.1 Method 1 – Based on surface penetration phenomenon 
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In a similar fashion to investigating the homogeneous reactions, studying of solid-liquid 

reaction kinetics could be performed in batch reactors. The progress of the reaction is 

often measured by observing the change in the weight of the solid phase, or by measuring 

the product concentrations in the liquid phase. 

In this method, dissolution model is expressed by a two-step scheme as given below62. 

 

Wue → We → Wd  (5.35) 

 

Where Wue is the unexposed mass of fuel, We is the exposed mass and Wd the dissolved 

mass. The first process in the above equation is the penetration process and its rate may be 

proportional to the concentration of nitric acid in the solution. The second process is 

considered as the chemical reaction. 

The reactions between UO2 and ions in the nitric acid solution under these experimental 

conditions were assumed as follows36, 37. 

 

( ) OHaqHNOUOUONO3H 22
2
2

hk
23 ++→++ +−+  (5.36) 

( ) ( ) O2Hgas2NOUOUO2Haq2HNO 2
2
2

nk
22 ++→++ ++  (5.37) 

( ) OHaqHNO2UOUOUONO3H 22
2
2

ck
2

2
23 ++→+++ ++−+  (5.38) 

 

The stoichiometric equation (5.36) denotes the dissolution of due to the effect of nitric 

acid whose rate constant is denoted as kh ([L/mol]2/min) where the subscript ‘h’ stands for 

HNO3.  The process in equation (5.37) designates the dissolution of UO2 pellets aided by 

nitrous acid which plays an autocatalytic role in the dissolution reaction as established 

earlier in this thesis.  The rate constant of this process is denoted by kn where the subscript 

‘n’ stands for nitrous acid.  The equation (5.38) denotes the chemical reaction process of 

the dissolution of UO2 pellets.  Hence the rate constant of this step is denoted by kc 

([L/mol]3/min) with the subscript ‘c’ denoting the catalytic effect of chemical reaction 

controlled step.  Uranyl ion (UO2
2+) is included in the stoichiometric equation here as it 

was reported that presence of any uranyl ion in the reaction system prior to the dissolution 

of UO2 pellets has an accelerating effect on the dissolution process63.  Though this 

observation was never found in any of the experiment carried out as a part of this thesis 

work, it has been included to make the modeling complete in all sense.  This could be 
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because, the maximum concentrations of UO2
2+ ions encountered in the present study 

(about 240 g/L) is much less than the solubility limit of the ions in 4-11 M nitric acid 

(typically greater than 500 g/L).  But it could be certainly said that the UO2
2+ ions present 

in the solution indirectly catalyzed the reaction.  This is because; it is the UO2 in solid 

(U4+
solid) which first comes to the aqueous as U4+ in liquid (U4+

liq).  This U4+
liq is then 

oxidized to UO2
2+ by the nitrous acid present in the liquid.  This oxidation disturbs the 

U4+
solid ⇔ U4+

liq equilibrium.  To negate this disturbance and restore the equilibrium, more 

U4+
solid would dissolve to form U4+

liq thereby enhancing the dissolution. 

During the derivation of the dissolution rate equation based on both the penetration 

process and the above reaction schemes, the steady state approximation was applied to the 

nitrous acid concentration64. Consequently, nitrous acid concentration and rate constant kn 

were eliminated in the rate equations.  The derivation is given in the appendix of the thesis 

for further details. 

 

Following the derivation (refer appendix for derivation), the rate equations obtained are as 

follows 

 

[ ] ue3p
ue WHNOk

dt
dW

−=  (5.39) 

[ ] [ ] [ ] [ ]( ) e
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
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Where kp ([L/mol]/min) is the rate constant of penetration process, MUO2 the molecular 

weight of UO2 and V the volume of reacting solution. 

 

5.10.3.1.1 Case-I: Considering the effect of nitrous acid 

The experimental data of concentrations of nitric acid and uranium as a function of time 

explained in section 5.6 of this thesis were fitted into the above rate equations using a 

nonlinear regression technique to obtain rate constant that best correlates the experimental 
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data. The best values were obtained by minimizing the following objective function 

 

( ) ( )
2n

1
calc3HNOexp3HNO

n

1
2

UcalcUexp CCCC*20f ∑∑ −+−=  (5.43) 

 

The model equations derived were applied to all the experimental conditions and the 

concentration profiles of uranium and nitric acid were predicted.  The comparison between 

the experimental and the calculated concentration profiles of uranium and nitric acid 

(predicted using the model equations) in the reaction mixture during the course of the 

dissolution reaction as a function of time were plotted on a semi log plot and are shown in 

the Figures 5.34 to 5.40 for all the temperatures employed in the experiment.  The profiles 

were generated by plotting the ratio of the concentration of the species under consideration 

at any given time over the concentration of the same species at the end of the dissolution 

reaction.  Hence it was [U(VI)]t/[U(VI)]f and [HNO3]t/[HNO3]f for uranium and nitric acid 

respectively.  Here the subscripts ‘t’ and ‘f’ denotes the values at time t and the final value. 

 

 

Fig. 5.34. Experimental and calculated profiles of [U] and [HNO3] at 343 K 

 
 

 

 

 

 

Fig. 5.35. Experimental and calculated profiles of [U] and [HNO3] at 348 K 
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Fig. 5.36. Experimental and calculated profiles of [U] and [HNO3] at 353K 

 
 

Fig. 5.37. Experimental and calculated profiles of [U] and [HNO3] at 358 K 

 
 

Fig. 5.38. Experimental and calculated profiles of [U] and [HNO3] at 363 K 
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Fig. 5.39. Experimental and calculated profiles of [U] and [HNO3] at 368 K 

 
 

Fig. 5.40. Experimental and calculated profiles of [U] and [HNO3] at 373 K 

 
 

The rate constants kp, kh and kc were calculated at different conditions of temperature and 
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are given in Table 5.2.  Using the data given in Table 5.2, the activation energy for each of 

the processes namely penetration, nitric acid aided dissolution and the chemical reaction 

process were calculated using the Arrhenius plot.  For this purpose, the values of ln(k) 

were least-square fitted against 1/T for the above three rate constants.  The slope of the 

line corresponds to Ea/R, where Ea is the apparent activation energy of the process and R is 

the universal gas constant.  The Arrhenius plots for the three rate constants are given in 

Figures 50 to 52. 

 

Table 5.2. The values of kp, kh and kc as a function of temperature 

Temperature 

(K) 

Rate constants for 

Penetration 

process (kp) 

([L/mol]/min) 

Nitric acid aided 

dissolution process 

(kh) ([L/mol]2/min) 

Chemical reaction 

process (kc) 

([L/mol]3/min) 

343 6.7071 x 10-04 2.5630 x 10-06 9.5021 x 10-05 

348 1.7000 x 10-03 3.0067 x 10-06 1.0302 x 10-04 

353 3.7000 x 10-03 3.1279 x 10-06 1.0348 x 10-04 

358 1.9000 x 10-03 3.3594 x 10-06 1.8781 x 10-04 

363 4.3000 x 10-03 2.2978 x 10-06 2.6859 x 10-04 

368 9.0000 x 10-03 3.4506 x 10-06 3.3064 x 10-04 

373 7.9000 x 10-03 4.0543 x 10-06 4.0980 x 10-04 

 

Fig. 5.41. Arrhenius plot for the penetration process 

 
The apparent energy of activation for the penetration process from the above equation was 
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estimated to be about 88.2 kJ/mol.  The calculation of the activation energy in this entire 

thesis (wherever applicable) was done using the standard MS Excel 2010 software with 

the confidence levels set at 95% by default. 

 

 

Fig. 5.42. Arrhenius plot for nitric acid aided dissolution process 

 
 

The apparent activation energy for the nitric acid aided dissolution process was estimated 

to be about 13.4 kJ/mol. 

 

Fig. 5.43. Arrhenius plot for chemical reaction controlled dissolution process 

 
 

The apparent activation energy for the chemical reaction controlled dissolution process 

was estimated to be about 58.1 kJ/mol. 
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5.10.3.1.2 Case II: Neglecting the effect of HNO2 due to the elimination of 

diffusion control 

As justified earlier in the thesis, all the experiments for studying the effect of temperature 

on the dissolution of UO2 pellets in nitric acid (section 5.6) was conducted at a stirring 

speed of 600 rpm.  Hence the concentration of HNO2 at the pellet liquid interface would 

be very less as seen in Fig. 5.15. Therefore the stoichiometric equation for the nitrous acid 

aided dissolution of UO2 given in equation 5.37 is not considered in this figure.  The 

reactions between UO2 pellet and ions in the nitric acid solution considered for modeling 

under these conditions are only 5.36 and 5.37.  The reaction 5.38 which is due to the effect 

of nitrous acid is omitted.  The derivations for arriving at the rate equations are given in 

the appendix.  The rate equations arrived at after derivation are given by 
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Where kp is the rate constant for the penetration process, MUO2 is the molecular weight of 

UO2 and V is the volume of reacting solution. 

The experimental data of concentrations of nitric acid and uranium as a function of time 

were fitted into the above rate equations using a nonlinear regression technique to obtain 

rate constant that best correlates the experimental data. The best values were obtained by 

minimizing the following objective function. 

 

( ) ( )
2n

1
calc3HNOexp3HNO

n

1

2
UcalcUexp CCCC*20f ∑∑ −+−=  (5.50) 

 

The model equations derived were applied to all the experimental conditions and the 

concentration profiles of uranium and nitric acid were predicted.  The comparison between 
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the experimental and the calculated concentration profiles of uranium and nitric acid 

(predicted using the model equations) in the reaction mixture during the course of the 

dissolution reaction as a function of time were generated as a semi log plot for all 

temperatures.  Fig. 5.44 shows this plot at 353K.  The profiles were generated by plotting 

the ratio of the concentration of the species under consideration at any given time to the 

concentration of the same species at the end of the dissolution reaction. 

 

Fig. 5.44. Experimental and calculated profiles of [U] and [HNO3] at 353 K 

 
 

The rate constants kp, kh and kc were calculated at different conditions of temperature and 

are given in Table 5.3. 

 

Table 5.3. The values of the rate constants kp, kh and kc as a function of 

temperature without nitrous acid effect 

Temperature (K) 
Rate constants for 

kp ([L/mol]/min) kh ([L/mol]2/min) kc ([L/mol]3/min) 

343 7.3335 x 10-04 1.9402 x 10-06 1.6836 x 10-04 

348 2.5000 x 10-03 3.2862 x 10-06 1.5757 x 10-04 

353 1.9000 x 10-03 4.9532 x 10-06 2.4199 x 10-04 

358 3.9000 x 10-03 2.4847 x 10-06 2.8786 x 10-04 

363 3.2000 x 10-03 3.8593 x 10-06 4.1007 x 10-04 

368 4.3000 x 10-03 8.0309 x 10-06 4.9215 x 10-04 

373 7.8000 x 10-03 1.2453 x 10-05 4.8196 x 10-04 
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Using the data given in Table 5.3, the apparent activation energy for each of the processes 

namely penetration, nitric acid aided dissolution and the chemical reaction process were 

calculated using the Arrhenius plot as explained in case 1.  The Arrhenius plots for the 

three rate constants are given below. 

 

Fig. 5.45. Arrhenius plot for the penetration process without the effect of HNO2 

 
 

The apparent activation energy for the penetration process was estimated from the above 

plot to be about 78.13 kJ/mol. 

 

Fig. 5.46. Arrhenius plot for nitric acid aided dissolution process neglecting the 

effect of nitrous acid 

 
 

The apparent activation energy for this process was deduced as 58.84 kJ/mol. 
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Fig. 5.47. Arrhenius plot for the chemical reaction controlled dissolution process 

in the absence of the influence of nitrous acid 

 
 

The apparent activation energy for this process was deduced as 45.34 kJ/mol. 

 

5.10.3.2 Method 2 – Based on surface area measurements 

The kinetics of solid-liquid reactions and homogeneous reactions has some fundamental 

differences. Contrary to homogeneous reaction, the reaction rate of a solid compound 

dispersed in the liquid does not directly depend on the concentration of the solid in the 

liquid phase, but rather on the reactive surface area of the solid. This fact complicates the 

work very much as compared to homogeneous reactions, as the quantification of the 

surface area is not as straightforward as the concentration measurements. This is because; 

unlike concentrations the surface area of the solid dispersed in the liquid does not usually 

decrease linearly with the conversion65.  This could also be inferred from Figures 41 and 

42 wherein the surface area and specific surface area of the dissolving UO2 pellets were 

shown as a function of time respectively.  This makes the kinetics behave differently and 

complicates the interpretation of experimental data. 

Basically there are two ways to model the solid-liquid heterogeneous reactions by 

following the surface area profile.  They are, 

a) Based on the correlation of the surface area to the conversion 

b) Based on the surface area estimations 
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5.10.3.2.1 Method – 2A: Correlation of the surface area to the conversion 

The behaviour of solids in liquids is not straight forward.  Hence certain assumptions are 

needed to be made about the behavior of the solid for modeling purposes, if the surface 

area during the reaction could not be quantified directly. The most commonly used 

assumptions are based on relating the change in surface area to the reactant conversion, 

which could be more easily measured than the surface area. This correlation is based on 

the morphological changes of the solid during the reaction. The particle morphology is 

typically assumed to be uniform and of some ideal shapes like sphere, cylinder or slab. 

The correlation of the surface area to the conversion could be derived for different cases 

based on geometry.  All these expressions are valid for isothermal batch reactors and the 

liquid phase concentrations are assumed to be constant.  These expressions for various 

shapes of solids could be tested by plotting the experimental data versus the reaction time.  

If the plot is a straight line, it is usually considered to be the appropriate model to explain 

the reaction.  One major challenge in this methodology is that solid particles seldom 

follow ideal morphology. Moreover, the discrimination of the models could be 

challenging, as several models could fit the experimental data when the parameter values 

are adjusted, especially if considerable experimental scattering exists. These traditional 

models do not allow flexible implementation of non-ideal behavior and more complex 

kinetics.  Therefore this model based on the correlation of the surface area of the solid to 

the conversion ratio was considered not so appropriate to study the dissolution reactions of 

nuclear fuel in nitric acid and hence is not pursued in this research work. 

 

5.10.3.2.2 Method – 2B: Based on surface area estimations 

In contrary to measuring the surface area online during the course of the dissolution which 

as explained in the previous para is highly unreliable, the measurement of the surface area 

under static conditions is more reliable and reproducible66.  This could be done using 

techniques like nitrogen physisorption and mercury porosimetry.  In the current work, the 

total surface area of the dissolving UO2 pellet is assumed to react with nitric acid.  The 

basis of this assumption is the fact that for most crystalline solids, since some crystal 

surfaces tend to be more reactive than others, the overall surface area could be assumed to 

correspond to the reactive area. No product layer formation was observed during the 

reaction. In these experiments, the external mass and heat transfer could be neglected due 

to the efficient agitation.  It is to be noted that, as reported earlier in this thesis, a mixing 
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rate of 600 RPM under the given experimental conditions was sufficient to reduce the 

external mass and heat transfer effects to its bare minimum. Consequently, the 

concentration of nitric acid at the solid surface is assumed to be same as bulk 

concentration and hence the kinetics is purely chemically controlled. The total surface area 

is expressed as dA/dt as a function of CAb, the concentration of nitric acid in the bulk. 

Consider the stoichiometric equation for the dissolution reaction as follows. 

 

B (solid) + vaA (fluid) → Products (fluid) (5.51) 

 

Here B represents the UO2 pellet, A denotes nitric acid and va is the stoichiometric co-

efficient of nitric acid in the reaction. 

The rate expression for the stoichiometric equation (5.51) is given as follows. 

 

m
Abta

Ab CkAv
dt

dC
−=  (5.52) 

m
Abtb

B CkAv
dt

dC
−=  (5.53) 

 

Where, At is the surface area measured by nitrogen physisorption method under static 

conditions (refer section 5.9 of this thesis), CAb is the concentration of nitric acid in bulk 

phase (mol m-3), CB is the concentration of uranium in solid phase (mol.m-3), k is the rate 

constant (m-2.s-1), va is the stoichiometric co-efficient with respect to nitric acid, vb is the 

stoichiometric co-efficient with respect to UO2 which is unity in this case and m is the 

order of the reaction with respect to nitric acid. 

In a general, the concentration profiles as a function of the reaction time could be obtained 

by solving the above rate equations. The experimental data of concentration of nitric acid 

and solid phase uranium concentration vs time were fitted into the rate equation using a 

nonlinear regression technique to obtain rate constant that best correlates the experimental 

data. 

The rate constant is estimated at different temperature.  Comparison between experimental 

and calculated values of solid phase uranium concentration vs. time, concentration of 

nitric acid vs time and total area vs time are generated for various cases and the 

explanations are given at the respectively places. The temperature dependence of the 
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dissolution rate is governed by the Arrhenius equation. The plot of ln(k) vs 1/T gives a 

slope equal to (-Ea/R) where Ea is the apparent activation energy of the reaction. 

In order to find the order of the reaction with respect to nitric acid that best explains the 

experimental data, various cases were considered.  The information available in the 

literature as reported in Chapter 3 of this thesis describes different orders with respect to 

nitric acid.  The values range from about 1.3 to about 2.5.  Also during each of the 

experiments it was found that between about 40 to 60% of dissolution, the physical 

integrity of the pellet is lost and the pellet crumbles.  Hence the surface area 

measurements, even though carried out under static condition, are not reliable and 

reproducible.  Therefore the experimental data points obtained till the pellet crumbles are 

only considered for the modeling purpose. 

 

5.10.3.2.2.1 Case 1 

The order of the reaction and stoichiometric co-efficient with respect to nitric acid was 

considered as 1 and 4 respectively.  The dissolution experimental data upto 60% was only 

considered as the pellets crumbled beyond that point.  The base values of the estimated 

rate constants were obtained by minimizing the objective function given in the following 

equations. 

( ) ( ) ( )2n

1
calctexpt

n

1

2
AbcalcAbexp

2n

1
BcalcBexp AACCCC*20f ∑∑∑ −+−+−=  (5.54) 

 

Each term in equation 5.54 corresponds to the square of the difference between the 

experimental and modelled value of a given parameter.  The constant which is multiplied 

to this in the first term of the equation is the weightage factor.  Higher the weightage 

factor, the difference between the experimental and calculated values would be that much 

less.  But at the same time, higher weightage factor also increases the computational time 

and requirement more.  Hence the weightage factor has to be optimum.  The comparisons 

between the experimental and predicted values of the concentration profiles of nitric acid, 

uranium and the total surface area of the dissolving pellet as a function of time at 353 K 

are given in Figures 5.48 to 5.50. 
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Fig. 5.48. Comparison of experimental and calculated [HNO3] profile at 353 k 

 
 

Fig. 5.49. Comparison of experimental and calculated [U] profile at 353 K 

 
 

Fig. 5.50. Comparison of experimental and calculated pellet surface area profile 

during UO2 dissolution at 353 K 
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The rate constants estimated using the model equations at various temperatures is given in 

the Table 5.4. 

 

Table 5.4. Estimated values of rate constant at different temperature 

T(K) k (m-2 sec-1) 

343 2.1661 x 10-04 

348 2.6050 x 10-04 

353 2.2997 x 10-04 

358 4.3579 x 10-04 

363 6.4740 x 10-04 

 

The activation energy for the process was calculated using Arrhenius equation and its 

value was found to be 55.9 kJ/mol in the temperature range of 343-363 K. 

 

5.10.3.2.2.2 Case 2 

The order of the reaction and the stoichiometric co-efficient with respect to nitric acid was 

considered as 1 and 2.75 respectively.  The value of 2.75 was based on the mechanism that 

was proposed for the dissolution of UO2 in nitric acid under typical PUREX process 

conditions (section 5.8).  The dissolution experimental data up to 60% was only 

considered as the pellets crumbled beyond that point.  The base values of the estimated 

rate constants were obtained by minimizing the objective function given in equation 5.55. 

 

( ) ( ) ( )2n

1
calctexpt

n

1

2
AbcalcAbexp

2n

1
BcalcBexp AACCCC*50f ∑∑∑ −+−+−=  (5.55) 

 

The comparisons between the experimental and predicted values at 353 K are given in 

Figures 5.51 to 5.53. 
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Fig. 5.51. Comparison of experimental and calculated [HNO3] profile at 353 K 

 
 

Fig. 5.52. Comparison of experimental and calculated [U] profile at 353 K 

 
 

Fig. 5.53. Comparison of experimental and calculated pellet surface area profile 

during UO2 dissolution at 353 K 
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The rate constant estimated using the model equations at various temperatures is given in 

the Table 5.5. 

 

Table 5.5. Estimated values of rate constant at different temperature 

T(K) k (m-2 sec-1) 

343 2.3186 x 10-04 

348 2.5506 x 10-04 

353 2.7791 x 10-04 

358 3.7027 x 10-04 

363 5.4439 x 10-04 

 

The activation energy for the process was calculated from Arrhenius equation and it was 

found to be about 42.8 kJ/mol in the temperature range of 343-363 K. 

 

 

5.10.3.2.2.3 Case 3 

The order of the reaction and stoichiometric co-efficient with respect to nitric acid was 

considered as 2 and 4 respectively.  The dissolution experimental data up to 60% was only 

considered as the pellets started to crumble at that point.  The base values of the estimated 

rate constants were obtained by minimizing the objective function given below. 

 

( ) ( ) ( )2n

1
calctexpt

n

1

2
AbcalcAbexp

2n

1
BcalcBexp AACCCC*50f ∑∑∑ −+−+−=  (5.56) 

 

The comparisons between the experimental and predicted values at 353 K are given in 

Figures 5.54 to 5.56. 
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Fig. 5.54. Comparison of experimental and calculated [HNO3] profile at 353 K 

 
 

Fig. 5.55. Comparison of experimental and calculated [U] profile at 353 K 

 
 

Fig. 5.56. Comparison of experimental and calculated pellet surface area profile 

during UO2 dissolution at 353 K 
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Table 5.6 gives the rate constant estimated at various temperatures. 

 

Table 5.6. Estimated values of rate constant at different temperature 

T(K) k (m-2 sec-1) 

343 1.5257 x 10-04 

348 1.9043 x 10-04 

353 2.1047 x 10-04 

358 3.2511 x 10-04 

363 3.9479 x 10-04 

 

The activation energy for the dissolution process was calculated from Arrhenius equation 

and it was found to be about 50.4 kJ/mol in the temperature range of 343-363 K. 

 

5.10.3.2.2.4 Case 4 

The order of the reaction and stoichiometric co-efficient with respect to nitric acid was 

considered as 2 and 2.75 respectively.  The dissolution experimental data upto 60% was 

only considered as the pellets started to crumble at that point.  The base values of the 

estimated rate constants were obtained by minimizing the objective function given below. 

 

( ) ( ) ( )2n

1
calctexpt

n

1

2
AbcalcAbexp

2n

1
BcalcBexp AACCCC*50f ∑∑∑ −+−+−=  (5.57) 

 

The comparisons between the experimental and predicted values at 353 K are given in 

Figures 5.57 to 5.59. 

 

Fig. 5.57. Comparison of experimental and calculated [HNO3]profile at 353 K 
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Fig. 5.58. Comparison of experimental and calculated [U] profile at 353 K 

 
 

Fig. 5.59. Comparison of experimental and calculated pellet surface area profile 

during UO2 dissolution at 353 K 

 
 

The rate constant estimated using the model equations at various temperatures is given in 

the Table 5.7. 

 

Table 5.7. Estimated values of rate constant at different temperature 

T(K) k (m-2 sec-1) 

343 2.0452 x 10-08 

348 2.6264 x 10-08 

353 2.8701 x 10-08 

358 4.4786 x 10-08 

363 5.2895 x 10-08 
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The activation energy for the rate constant was calculated from Arrhenius equation and its 

value was found to be 50.3 kJ/mol in the temperature range of 343-363 K. 

 

Thus in all the cases, the values of rate constant at different temperature and the apparent 

activation energy does not vary much.  Also the experimental and estimated values are 

very closely fitting.  Hence it could be concluded that the model equations derived here 

were satisfactorily explaining the reaction kinetics.  As the apparent activation energy is 

comparable in all the cases here, the order of the reaction with respect to nitric acid does 

not vary the reaction kinetics much in the range of 1 to 2. 

 

5.10.3.3 Method 3 - Considering non-ideal nature of particle during reaction 

 

5.10.3.3.1 Introduction 

A common feature for the models described so far is the hypothesis of ideal geometry, i.e. 

slab, infinitely long cylinder and spherical particle and so on. This is not true in many 

cases. The main reason for the deviation from the ideality is often the highly non-ideal 

structure of the solid material. Surface defects, such as cracks and craters, as well as 

porosity affect the particle structure and the observed reaction kinetics. Thus, there is a 

risk that assuming an ideal geometry for a solid particle, a wrong reaction order with 

respect to the solid substance is predicted. For example, the hypothesis of a perfect, non-

porous spherical particle free from any defects implies the reaction order 2/3 with respect 

to the solid component but a higher reaction order is expected, if the surface is rough 

and/or the particle contains some pores The measurements of specific surface areas by gas 

adsorption (physisorption) have also revealed that the surface areas of reactive solids 

could clearly exceed the areas predicted by ideal surfaces.  This could also be inferred 

from Figures 41 and 42. 

 

5.10.3.3.2 Generalized characteristics of the shrinking particle model 

In the case of dissolution of UO2 in nitric acid, all the products formed dissolves into 

liquid phase and no undissolved residue was left.  Hence the shrinking particle theory is 

the most appropriate model that could be employed to explain the reaction.  In the present 

case, as and when the product is formed, it gets dispersed into the bulk of the reaction 

mixture and does not form any layer.  Hence in the model equations it is sufficient to 
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consider the chemical reaction resistance and diffusion resistance alone.  For incorporating 

the non-ideal behaviour of the solid, a parameter called “Shape Factor” (a) is introduced 

in the model which could be ascertained with any value for accounting any shape.  This 

would be explained in detail later.  A pseudo steady state is assumed on the reaction 

surface. 

 

5.10.3.3.3 Interaction of chemical reaction and diffusion 

The mass balance equation for each fluid-phase component (HNO3 -A) at the reaction 

surface could be written as follows, provided the mass transfer through the fluid film could 

be described with Fick’s law, 

 

0)s
LARa(CAvs

LACb
LACLAk =+





 −  (5.58) 

 

Where A denotes the fluid phase component (here HNO3) and Ra is the chemical reaction 

rate in terms of concentration of fluid component in the solid surface and kLA represents 

the mass transfer coefficient between solid phase and bulk fluid phase. 

Dissolution of UO2 in HNO3 is represented by rate equation, as shown below. 

 

s
LAkCs

LACRa =




  (5.59) 

 

Considering, that b
LA

s
LA

A C
Cy = , then equation 5.58 could be rewritten as 

 

( )
0

b
LACLAk

AyRaAv
Ay1 =+− ,   ( ) Ayb

LAkCAyRa =  (5.60) 

 

By using a generalized Mear’s criterion, we get 

 

( )
b
LACLAk

1AyRaAv
'

=−
=ϕ  (5.61) 
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This is the ratio of the rate of the reaction to the rate of external mass transfer. 

Thus the equations 5.60 could be modified as 

 

( )
( ) 0

1AyRa
AyRa'

Ay1 =
=

ϕ
+−  (5.62) 

 

The rate equation for UO2 dissolution is considered as first order with respect to 

concentration of nitric acid. Therefore the rate equation is  

 

( ) b
LAkC1AyRa;b

LACs
LAC1,Ay ====  (5.63) 

 

Substituting equation 5.63 into 5.62, we get  

 

0Ay'Ay1 =ϕ−−  (5.64) 

 

The solution for the above equation is as follows 

 

1'
1yA +ϕ

=  (5.65) 

b
LA

s
LA C

1'
1C
+ϕ

=  (5.66) 

 

If order of reaction with respect to HNO3 is 2, then 

 

( )
b
LALA

2b
LAA

Ck

Ckv
'

−
=ϕ  (5.67) 

( ) 1'*41
C*2C .5

abs
LA +ϕ+

=  (5.68) 

 

5.10.3.3.4 Fluid–solid mass transfer coefficients 

The fluid–solid mass transfer coefficient (kLA) is included in the model considered here. 
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For the shrinking particle model, the numerical value of the mass transfer coefficient 

changes during the reaction, since the radii of the solid particles diminishes.  A generally 

accepted correlation for the mass transfer around solid particles is 

 

1/31/2ScReb'a'sh +=  (5.69) 

 

where Sh, Re and Sc denote Sherwood, Reynolds and Schmidt numbers respectively. The 

parameters a’ and b’ have various values, depending on the literature source. Usually a’=2 

and b’=0.6 but it is claimed that the values a’=0 and b’=1 are sufficient to describe tank 

reactors with impellers for not too low Reynolds number which is given as follows. 

 
3/1

3

4dRe 







ν
e

=   
LL

53
Lp

V
DNN

ρ

ρ
=ε  (5.70) 

 

Where ε is the energy dissipated to the system, d is the particle diameter, ν is the kinematic 

viscosity, Np is the power number, N is the speed of impeller, D is the diameter of impeller 

and VL is volume of liquid . The Schmidt number is given as follows. 

 

AD
Sc ν

=  (5.71) 

 

where DA is diffusivity.  The Sherwood number is given by 

 

A

LA
D
ksh =  (5.72) 

 

Inserting equations 5.70 to 5.72 in 5.69, we get 

 



































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1/3

A

1/6

3

4
A

LA D
ν

ν
εdb'a'

d
Dk  (5.73) 
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For shrinking particle model, the particle diameter changes as the reaction proceeds. In 

general R/R0 could written as (Vp/Vp0) (1/a), where R0 and Vp0 are the initial radius and 

initial volume respectively. In addition, it could be shown that Vp/Vp0 = nj/nj0 or Cj/Cj0 for 

constant volume. These relations are inserted into equation 5.73 and we obtain the final 

form for the correlation of the mass transfer coefficient under reaction conditions. 

 



































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1/3

i

1/6

3

4/34
0

1/a
0

i
Li D

ν
ν

zεdb'a'
zd

Dk  (5.74) 

 

Where z=Cj/Cj0. In the present case, j= Uranium in solid phase (B) and i= HNO3 (A). As 

the reaction progresses, the mass transfer coefficients increases for shrinking particle 

model. 

 

5.10.3.3.4.1 Reaction area and reaction order with respect to solid phase 

component 

For fluid–solid processes, the overall rate is assumed to be proportional to the accessible 

surface area (A). For instance, for a dissolved component (i) in a perfectly mixed, batch 

wise operated tank reactor, the balance equation could be written as 

 

)ARa(Cv
dt

dn s
Lii

i =  (5.75) 

 

The specific rates (Ra) are expressed as mol/(m2.s). The total accessible surface area (A) is 

related to the number of particles (nP) and the specific surface area (σ). The relation 

between the available particle surface area and the specific surface area for general particle 

geometry will be derived in this section. By assuming equal-size particles, the accessible 

total surface area is given as follows 

 

A = nP.AP (5.76) 

 

The volume of a particle is given by 
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PP

P
P ρn

nM
ρ

m
V ==  (5.77) 

 

Where M and n denote the molar mass and the total molar amount, respectively. The 

number of particles could be obtained from the initial state (0) as follows. 

 

PP

0
P0 n

MnV
ρ

=  (5.78) 

 

Combining the above two equations, we get, 

 

PP0

0
P V

Mnn
ρ

=  (5.79) 

 

Substituting equation 5.79 into 5.76, the accessible area becomes 

 

P0

P

P0

P0

P

0

A
A

V
AMnA

ρ
=  (5.80) 

 

The area-to-volume ratio (A0P/V0P) expressed by the shape factor (a) and the characteristic 

dimension (R0) as given below. 

 

0
P0

P0 R
V
Aa 








=  (5.81) 

 

Now substituting equation 5.81 into 5.80, we get 

 

P0

P

0P

0

A
A

R
aMnA

ρ
=  ⇒ 

P0

P
0

0P A
An

R
aMA
ρ

=  (5.82) 

 

The ratio AP/A0P is expressed in terms of the radius of ideal geometries as follows. 
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AP/A0P = (R/R0)2 for a sphere; (R/R0)1for an infinitely long cylinder and (R/R0)0 for a slab. 

In terms of particle volumes we obtain the following relations for this ratio. 

AP/A0P = (VP/V0P)2/3for a sphere; (VP/V0P)1/2 for an infinitely long cylinder and (VP/V0P)0 

for a slab. 

Thus the relation could be generalized for an arbitrary geometry as given below. 

 
( )

a
1a

0p

p

0P

P
V
V

A
A

−











=  (5.83) 

 

Combining equations 5.77 and 5.78 we get 

 

0p0

p

n
n

V
V

=  (5.84) 

 

Substituting the above relation in equation 5.83 we get, 

 
( )

a
1a

0P0

P

n
n

A
A

−









=  (5.85) 

 

Thus equation 5.82 now becomes, 

 

1/a11/a
0

0P
nn

Rρ
aMA −=  (5.86) 

 

But we know that 
0P

0P

0 V
A

R
a

=  and specific surface area is given by 
0P

0P
m
Aσ = . 

 

Thus we have P
0P

0P

0
σρ

V
σm

R
a

==  
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P
P0

P0

0 V
m

R
a

σρ=
σ

=  (5.87) 

 

And the total accessible surface area now becomes 

 

1/a11/a
0 nσMnA −=  (5.88) 

 

If the mole fraction of the solid material is constant (x0B), the amounts of substance are 

given by 

n0B= x0B n0  at (t = 0)  and 

 nB= x0B n at (t > 0) 

Inserting these expressions in equation 5.88, we get 

 

x1
B

x
0B

0B
nn

x
σMA −=  (5.88) 

 

Where x=1/a.  This expression for the area is used in the bulk-phase mass balances of the 

fluid and solid components in equation 5.75.  Thus for the mass balance equation for a 

solid component (j), the equation 5.75 gets modified as  

 

Rann
x
σMv

dt
dn x1

j
x
0j

0j

jj −=  (5.89) 

 

In the present case of UO2 dissolution studies, this equation becomes 

 

s
LA

x1
B

x
0B

0B

AA kCnn
x

σMv
dt

dn −=  (5.90) 

 

Here the fluid volume could be considered to remains constant, and thus the above two 
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equations become 

 

s
LA

x1
B

x
0B

0B

BB kCCC
x

σMv
dt

dC −=  (5.91) 

s
LA

x1
B

x
0B

0B

AA kCCC
x

σMv
dt

dC −=  (5.92) 

 

Here vA= -4, vB= -1 and xB= 0.333.  The experimentally observed reaction order thus 

depends on the particle geometry. For a long cylinder, x = 1/2 and for a perfect, non-

porous sphere x = 1/3. Thus reaction orders of (1 − x), 1/2 and 2/3 are predicted for these 

particles. For a slab, x = 1 and the observed reaction order approaches zero. However, as 

the real particles deviate from the ideal ones, the accessible surface area for the chemical 

reactions is higher. So in the present case the value of shape factor (a) is calculated from 

experimentally determined specific surface area as given below. 

 

We know that shape factor is given by equation 5.81 as 0
0P

0P R
V
Aa = , we also know that 

P

P
0P ρ

mV =  and P0P σmA = .  Thus the shape factor now becomes 

 

0PRa σρ=  (5.93) 

 

In a general, the concentration profiles as a function of the reaction time could be obtained 

by solving equations 5.91 and 5.92 numerically. The concentrations at the reaction surface 

are calculated iteratively or analytically from equation 5.63. The experimental data of 

concentration of nitric acid and solid phase uranium concentration vs time were fitted into 

equations 5.91 and 5.92 using a nonlinear regression technique to obtain rate constant that 

best correlate the experimental data. As reported earlier in this thesis, the pellet starts 

crumbling into small fragments generally at around 60% of dissolution during most of the 

experiments. So the value of shape factor is not constant from this point in time onwards. 

So in the current modeling method, experimental data points only up to 60% of uranium 
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dissolution was considered for the mathematical analysis. 

The rate constants were estimated at different temperatures.  Comparison between 

experimental and calculated values of solid phase uranium concentration vs. time and bulk 

phase concentration of nitric acid vs time were generated graphically and are shown in the 

following sections for various conditions as the cases may be. The temperature 

dependency of the dissolution rate is governed by the Arrhenius equation. Thus the plot of 

ln (k) vs 1/T gives a slope equal to (-Ea/R) from which the apparent activation energy of 

the dissolution reaction under the experimental conditions were estimated 

 

5.10.3.3.4.1.1. Case 1 

Consider the order with respect to HNO3 is 1 and the stoichiometric coefficient with 

respect to HNO3 is 4. Considering the experimental data up to 40 % dissolution as 

indicated before, the best values of rate constants were obtained by minimizing the 

objective function given below. 

 

( ) ( )
2n

1
AbcalcexpAb

n

1

2
BcalcexpB CCCC*20f ∑∑ −+−=  (5.94) 

 

The comparison between the experimental and calculated concentration profiles using the 

model equations are given in Figures 5.60 and 5.61.. 

 

Fig. 5.60. Comparison of experimental and calculated [U(VI)] profile at 353 K 
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Fig. 5.61. Comparison of experimental and calculated [HNO3] profile at 353 K 

 
 

The values of the rate constant estimated at various temperatures of the experiment are 

provided in table 5.8. 

 

Table 5.8. Estimated rate constants at various temperatures 

T(K) k (m/s) 

343 3.4045 X 10-08 

348 4.8920 X 10-08 

353 5.1405 X 10-08 

358 5.8389 X 10-08 

363 7.7638 X 10-08 

 

The activation energy for the dissolution process was calculated from Arrhenius equation 

and its value was found to be about 37.8 kJ/mol in the temperature range of 343-363 K. 

 

5.10.3.3.4.1.2. Case 2 

Consider the order with respect to HNO3 is 1 and the stoichiometric coefficient with 

respect to HNO3 is 2.75. Considering the experimental data up to 40 % dissolution as 

indicated before, the best values of rate constants were obtained by minimizing the 

objective function given below. 
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( ) ( )
2n

1
AbcalcexpAb

n

1

2
BcalcexpB CCCC*20f ∑∑ −+−=  (5.95) 

 

The comparison between the experimental and calculated concentration profiles using the 

model equations were given graphically in Figures 5.62 and 5.63. 

 

Fig. 5.62. Comparison of experimental and calculated [U(VI)] profile at 353 K 

 
 

Fig. 5.63. Comparison of experimental and calculated [HNO3] profile at 353 K 

 
 

The values of the rate constant estimated at various temperatures of the are provided in 

table 5.9. 
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Table 5.9. Estimated rate constants at various temperatures 

T(K) k (m/s) 

343 3.3153 X 10-08 

348 4.8880 X 10-08 

353 5.5705 X 10-08 

358 6.3988 X 10-08 

363 8.8924 X 10-08 

 

The activation energy for the process was calculated from Arrhenius equation and it was 

found to be about 46.5 kJ/mol in the temperature range of 343-363 K. 

 

5.10.4. Conclusion on modeling of UO2 dissolution reaction 

Two different models have been chosen for explaining the dissolution reaction of UO2 

pellets in nitric acid under various experimental conditions.  First model is based on the 

penetration of nitric acid into the solid pellets and undergoing reaction at the pellet acid 

interface.  The latter model is based on the surface area estimations.  Both the models 

employed the shrinking particle theory in deriving the rate equations from which the rate 

parameter and the apparent activation energy was estimated.  Both the models seem to be 

predicting the experimental data satisfactorily.  The latter model has the provision to 

incorporate the non-ideal behaviour of the surface morphology of the dissolving solid 

while determining the kinetics.  This is carried out by introducing the concept of “shape 

factor” which takes into account of the surface morphology of all geometries.  Thus the 

model appeals to be more realistic.  Hence, when it comes to determining the kinetics of 

the actual spent fuel dissolution, the surface morphology of the irradiated fuel will be 

extremely rough and irregular.  Hence the latter model seems to be of more value in 

explaining their dissolution behaviour. 

As for as the order of the reaction with respect to nitric acid is concerned, the results of the 

modelling shows, that the 2nd order model fits well with the experimental results.  

Similarly the stoichiometric co-efficient of 2.75 for nitric acid in its reaction with UO2 

seems to be predicting the experimental values more satisfactorily than 4.  This further 

justifies the proposed mechanism for the dissolution of UO2 pellets under typical PUREX 

process conditions as given in section 5.8. 

The model equations generated were based on the dissolution results of unirradiated fuel 
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pellets.  It has been well established in the literature that under similar conditions, 

irradiated pellets dissolve faster than their unirradiated counterparts67.  This is because of 

the surface defects created in the irradiated fuel matrix due to the presence of fission gases 

which makes the solid fuel more porous thereby increasing its effective specific surface 

area68.  Thus during dissolution there is a better contact between the fuel and the solvent 

enabling faster dissolution.  Hence the rate equations developed and presented in this 

work, when used for designing the dissolution system for processing the spent nuclear fuel 

will be conservative and will definitely ensure a better performance of the process system.  

Therefore further studies of similar kind and approach is required to be carried out using 

nuclear fuel irradiated to different burn up levels to realistically model the dissolution 

process for an irradiated UO2 fuel system in nitric acid.  The results of the present thesis 

would pave way for further development of this work. 
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CHAPTER 6. Fabrication and dissolution studies of UO2-CeO2 

simulated MOX pellets 
6.1 Introduction 

The previous chapter described the dissolution of UO2 in nitric acid under typical PUREX 

process conditions.  This explains the behaviour of the major component of FBR MOX 

fuel in nitric acid system.  The next step naturally is to study the dissolution behaviour of 

the minor component, PuO2, in the FBR MOX.  But plutonium being a highly alpha 

radioactive species, needs special experimental facilities to handle them safely.  Moreover 

as plutonium is a fissile material which is not available naturally, its quantity at given time 

is very less.  Hence carrying out more experiments with PuO2 containing MOX system 

should be well thought out and preplanned.  Therefore it was found necessary to carry out 

the bulk of the dissolution experiments using a non-radioactive surrogate species in place 

of Pu.  This species should be a true representative of plutonium in terms of its chemistry 

towards its dissolution behaviour in nitric acid.  After detailed review of the literature it 

was decided to use Ce as the surrogate of plutonium in a (U, Ce) simulated MOX fuel.  

Once the bulk of the studies are carried out with this fuel, limited number of experiments 

will be carried out using the actual U, plutonium MOX to justify the use of Ce and to 

determine the kinetics of its dissolution in nitric acid under typical PUREX conditions. 

 

6.2 Justification for using Ce as the surrogate for Pu 

A surrogate system is a species which is chemically a true representative of the original 

species under the conditions of the experiments.  Under the current research scheme, 

dissolution of a solid substance being the reaction under consideration, the major chemical 

properties under consideration are the solid state structure and the ionic radii.  Both Ce and 

plutonium oxides crystalize in the same fluorite type structures.  This is due to the 

similarity in the ionic radii of Ce4+ and Pu4+ species1.  During the MOX fuel fabrication, 

UO2+CeO2 MOX forms a cubic fluorite-type (U, Ce)O2 solid solution during sintering at a 

high temperature of around 1873 K.  Both the thermal and material properties of this solid 

solution are similar to those of (U, Pu)O2
2.  The thermodynamic properties of both CeO2 

and PuO2 are also similar3.  The dissolution behaviour of both these oxides was also 

reported to be similar in the context of development of an immobilized form of them for 

long term storage under typical deep geological conditions4. 
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6.3 Fabrication of UO2-CeO2 simulated MOX pellets 

6.3.1. Introduction 

Gel combustion synthesis route was chosen for fabricating the simulated UO2-CeO2 MOX 

powder5.  Citric acid was used as the combustion fuel6.  Sintering of the solid solutions 

was carried out at 1873 K under reducing atmosphere.  As the primary objective of the 

current research work is to study the dissolution behaviour of typical FBR MOX fuel, 

PFBR fuel compositions were chosen.  Hence simulated UO2-CeO2 MOX of compositions 

(U1-xCex)O2 with x=0.22 and 0.28 were fabricated.  In order to study the influence of Ce 

composition on the dissolution behaviour of this MOX, two more compositions of MOX 

(one above and one below the PFBR compositions) were also prepared with x=0.15 and 

0.35.  Thus a total of four different compositions of simulated UO2-CeO2 MOX fuels were 

chosen and fabricated for studying their dissolution behaviour in nitric acid medium under 

the conditions same as that carried out for UO2 pellets described in the previous chapter. 

 

6.3.2. Chemicals used 

Nuclear grade UO2 was obtained from Nuclear Fuel Complex, Hyderabad. Cerium (IV) 

oxide was procured from M/s. Indian Rare Earths Ltd., Mumbai. Analytical reagent grade 

nitric acid was supplied by M/s. Rankem Laboratory Chemicals Pvt. Ltd., Chennai.  Citric 

acid was procured from M/s. Fischer Inorganics and Aromatics Ltd., Chennai, India. 

 

6.3.3. Preparation of simulated MOX powder by gel combustion synthesis 

For each composition of the simulated MOX fuel, uranyl nitrate solution was prepared by 

dissolving appropriate quantity of U3O8 powder in concentrated nitric acid followed by 

evaporation of the excess acid.  U3O8 was prepared by oxidizing nuclear grade uranium 

dioxide powder in air at 1073 K for 4 h with intermediate grinding and homogenization. 

Cerium nitrate solution was prepared by dissolving cerium(IV) oxide in nitric acid with 

few drops of HF.  The combustion mixture was prepared by mixing the above solutions 

with an appropriate quantity of citric acid. The quantity of citric acid was so chosen that 

the ratio of citrate ions to that of nitrate ions in the solution was unity7. This mixture was 

heated with stirring in a glass bowl using hot plate.  Gradually with the evaporation of all 

the moisture, the contents became a jelly mass.  On further heating the gel hardened 

forming a charred mass.  The combustion reaction was taken to completion by heating the 

charred mass which burns leading to a blackish powder. 
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6.3.4. Calcination and sintering 

The combustion product will have some carbon in it and hence was calcined at 1023 K for 

5 h in air using a resistance heating furnace fitted with silicon carbide heating elements.  

The mixed oxide powders obtained after calcination were compacted to form the green 

pellets.  All the pellets are of almost uniform dimensions with an average diameter of 9.7 

mm and average height of 6 mm. Tools made out of hardened tool-steel were used for the 

compaction. A double action hydraulic press was used for the above purpose with a 

pressure of about 200 MPa.  The green pellets were sintered at 1873 K for 4 h in a stream 

of flowing gas mixture containing 92% argon and 8% hydrogen in a furnace fitted with 

molybdenum wire heating elements. A typical heating/cooling rate of 0.05 K/s was 

employed. 

The schematic flow diagram for the fabrication of the simulated (U, Ce) MOX pellets is 

presented in Fig. 6.1. 

 

Fig. 6.1. Schematic flow diagram for the fabrication of simulated (U, Ce) MOX 

pellets 

 
 

6.4 Characterisation of powders and compacts 

The impurities present in the starting materials were analyzed using an inductively 

coupled plasma mass spectrometer (ICPMS).  The surface area of the powders was 

measured by the BET method.  The particle size distribution was analyzed using 

Mastersizer, supplied by M/s. Malvern, Worcestershire, UK.  Simulated UO2-CeO2 MOX 

pellets of all compositions were powdered and characterized by powder X-ray diffraction 
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(XRD). The XRD pattern of the solid solutions (Fig. 6.2) showed the absence of peaks due 

to neat UO2 and neat CeO2, confirming the formation of solid solution. 

 

Fig. 6.2. XRD pattern of the sintered urania-ceria simulated MOX pellets of all 

compositions 

 
 

Lattice parameters were derived from the XRD patterns of the uranium–cerium MOX and 

also computed from the lattice parameters of UO2 and CeO2 from literature8, using 

Vegard’s law9. The two sets of lattice parameters are in good agreement with each other 

and with those available in the literature10.  The average crystallite size of the powders was 

measured by X-ray line broadening technique using the Scherer formula11. The 

instrumental broadening was obtained using standard silicon sample. The density of the 

green as well as sintered compacts was measured by using the Archimedes principle with 

di-butyl phthalate as the pycnometric liquid. 

Compositional characterization was done by HPLC.  Accurately weighed amounts of 

pellets of all the MOX compositions were dissolved in nitric acid.  After appropriate 

dilution, their compositions was measured by HPLC which was pre-calibrated with known 

standards of U(VI) and Ce(IV).  Separation of cerium ions and uranyl ions by Reverse 

phase HPLC.  C18 10 cm monolith (M/s Merck) column was employed.  The mobile 

phase used was 0.1 M alpha hydroxy isobutyric acid (pH adjusted to 4 with dil. NH3) at a 

flow rate of 2 mL/min.  Post-column detection of metal ions was done by mixing with 

Arsenazo(III) (1 mL/min) at 655 nm.  The concentration of Arsenazo(III) was 10-4 M. 
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6.5 Effect of initial acidity on the dissolution kinetics of simulated U, Ce MOX pellets 

 

6.5.1. Introduction 

The simulated UO2-CeO2 MOX pellets of all the compositions fabricated were subjected 

to dissolution in nitric acid under the same conditions as carried out for UO2 pellets 

described in the previous chapter.  First studies were carried out to evaluate the effect of 

initial concentration of nitric acid on the dissolution kinetics of these pellets.  For this 

purpose, the simulated UO2-CeO2 MOX pellet composition (U0.78Ce0.22)O2 was chosen.  

The same cylindrical glass reactor which was used for UO2 pellet dissolution studies was 

used for studying the dissolution of simulated MOX pellets (Figures 10 and 11 in Chapter 

5).  The amount of nitric acid and the number of pellets required for each dissolution run 

was chosen such that the end total metal ion concentration is in the rage of 240 g/L as it 

was done in the UO2 dissolution experiments.  Mixing rate was fixed at 600 RPM and the 

temperature at 353 K.  The initial concentrations of acid chosen for the experiments were 

6, 8, 10 and 11.5.  The concentration of uranium and cerium were measured using HPLC 

as described earlier in the thesis (section 4.9). 

 

6.5.2. Results and discussion 

The dissolution curve for all the experiments were given pictorially in the following 

figures.  Fig. 6.3 clearly indicates the effect of initial concentration of nitric acid which is 

directly proportional to the dissolution rate.  The time taken for the complete dissolution of 

the (U, Ce) MOX pellets at 8 M initial concentration of acid is around 1020 mins.  Under 

similar conditions the time taken for the complete dissolution of almost similar quantity of 

sintered UO2 pellets fabricated through powder metallurgical route is about 1050 mins 

(Fig. 5.18, section 5.6.3).  That is, the simulated urania ceria MOX pellets containing 22 

atom percent of Ce fabricated by combustion synthesis route dissolves faster than the pure 

sintered UO2 pellets fabricated by the conventional powder metallurgical route.  This 

clearly shows the effect of fabrication route on the dissolution kinetics of the nuclear fuel 

pellets in nitric acid which is very much comparable.  Another feature of the above 

dissolution curve that needs attention is it typical ‘S’ shape which was also found in the 

dissolution curve of UO2 pellets.  This is because the major component of the fuel being 

uranium here, its behaviour is also same. 
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Fig. 6.3. Effect of initial concentration of acid on the dissolution of (U0.78Ce0.22)O2 

MOX pellets 

 
 

Fig. 6.4. Acidity profile for the dissolution of (U0.78Ce0.22)O2 MOX pellets at 

different acidities 

 
 

The profile of the acidity during the course of dissolution of the simulated MOX pellet is 

given in Fig. 6.4.  During the analysis of the samples of these experiments, it was also 

found that, the composition of uranium and cerium did not vary in the liquid phase all 

through each of the dissolution run of all the compositions of the simulated MOX pellets.  
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And the composition of uranium and cerium in the liquid was always same as that of the 

dissolving solid pellet.  This is indicated in Fig. 6.6 wherein the percentage dissolution of 

uranium and Ce were plotted as a function of time for the dissolution of (U0.78Ce0.22)O2 

MOX pellets in 8 M nitric acid at 353 K.  This is a fair indication of the formation of the 

solid solution in the pellets during its sintering. 

Fig. 6.5 provides the typical concentration profiles of uranium, cerium and nitric acid as a 

function of time for the dissolution of (U0.78Ce0.22)O2 MOX pellets in 8 M nitric acid at 

353 K.  Fig. 6.5 also shows the variation in percentage dissolution of uranium, cerium and 

the total heavy metal (uranium and cerium put together).  As the range of values for the 

acidity profile alone is very different, it is plotted on a different scale which is given in the 

right side y axis in the figure. 

 

Fig. 6.5. U and Ce dissolved during the dissolution of (U0.78Ce0.22)O2 MOX pellets 

in 8 M HNO3 at 353 K 

 
 

In Fig. 6.6 both uranium and cerium percentage dissolution profile was plotted as a 

function of time in different y-axis on either side vertically.  As the values of both the 

profiles are same, the two y axes are staggered by 5% so that both the curves lie parallel to 

each other clearly depicting their similarity.  This is done for the ease of understanding.  

179 
 



The profiles of metal ion concentrations and nitric acid concentration generated in these 

experiments were later used for modeling this reaction and arriving at its rate equation. 

 

Fig. 6.6. U and Ce percentage during the dissolution of (U0.78Ce0.22)O2 MOX 

pellets in 8 M HNO3 at 353 K 

 
 

6.6 Effect of cerium composition 

6.6.1. Preamble 

The effect of plutonium concentration in the MOX fuel on its dissolution kinetics in nitric 

acid medium is well documented in the literature12.  MOX fuel with various compositions 

of plutonium has been proposed and used as driver fuel in nuclear reactors world over till 

date.  Hence it is required to the study the dissolution behaviour of nuclear fuels as a 

function of plutonium composition.  As Ce is employed as the non-radioactive surrogate 

of plutonium, it is logical and mandatory to study the influence of its composition on the 

dissolution kinetics of the simulated MOX fuel pellets in nitric acid. 

 

6.6.2. Experiments, results and discussion 

Simulated urania ceria MOX pellets of all the four compositions that were fabricated were 

subjected to dissolution in nitric acid under similar conditions.  The initial concentration of 
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nitric acid and the mixing rate for all these dissolution experiments were fixed at 8 M and 

600 RPM respectively.  The number of pellets and the amount of nitric acid employed in 

each of this experiment were chosen such that the final metal ion concentration (uranium 

and cerium put together) is around 240 g/L.  The concentrations of uranium and cerium 

were analyzed by HPLC as reported earlier in this chapter.  The result is given pictorially 

in Fig. 6.7 which clearly depicts the effect of Ce composition on the dissolution kinetics of 

simulated MOX pellets.  As Ce increases in the MOX fuel pellet, it renders its dissolution 

sluggish in nitric acid.  This is very similar to the effect of plutonium composition in the 

MOX pellet.  Again in all the above experiments, the dissolution curve features the ‘S’ 

shape indicating the autocatalytic effect of nitrous acid 

 

Fig. 6.7. Effect of Ce composition on the dissolution kinetics of simulated urania 

ceria MOX pellets in nitric acid 

 
 

The concentration profiles of all the species in the reaction namely U(VI), Ce(IV) and 

nitric acid for the dissolution of (U0.78Ce0.22)O2 MOX pellet is shown in Fig. 6.8.  Though 

it is a well-documented fact that uranium in the MOX dissolves faster than Ce or Pu, the 

above results clearly indicates that the rate at which both uranium and cerium comes into 

the solution is exactly the same.  That is the composition of the pellet and solution with 
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respect to uranium and cerium was same all through the dissolution reaction.  This was the 

case in the dissolution of simulated urania ceria MOX pellets of all the compositions 

prepared in this work. 

This indicates that preferential leaching of uranium in the MOX pellets over cerium is not 

seen unlike in the case of U, plutonium MOX pellets which will be discussed in the next 

chapter of this thesis.  This further reiterates the formation of solid solution in all these 

pellets during its fabrication.  This result makes it an interesting case to study the effect of 

mixing on the dissolution kinetics of all these pellets which was the next set of 

experiments carried out. 

 

6.7 Effect of mixing on the dissolution kinetics of simulated MOX pellets 

 

6.7.1. Introduction 

In Chapter 5 the effect of mixing rate on the dissolution kinetics of UO2 in nitric acid has 

been discussed in detail.  As UO2 being the predominant fuel component of simulated 

urania ceria MOX pellets of all compositions, it becomes interesting and important to the 

study the effect of mixing intensity on the dissolution of all these simulated MOX pellets 

in nitric acid under similar conditions. 

 

6.7.2. Experiments, results and discussion 

Simulated urania ceria MOX pellets of all the four compositions were subjected to 

dissolution in 8 M nitric acid and 353 K with mixing intensities of 100 and 600 RPM very 

similar to the dissolution runs carried out for UO2 pellets.  Figures 6.8 and 6.9 shows the 

concentration profiles of all the species present in solution as a function of RPM for two of 

the simulated urania ceria MOX pellets of PFBR fuel compositions, namely, 

(U0.78Ce0.22)O2 and (U0.72Ce0.28)O2. 

Both Figures 6.7 and 6.8 clearly bring out the retarding effect of mixing on the dissolution 

kinetics of simulated urania ceria MOX fuel pellets in nitric acid.  This behaviour of the 

simulated MOX pellet is similar to that of UO2 pellets under similar conditions.  This is 

because the major component of the fuel in the simulated MOX fuel is uranium (72 and 78 

atom percent).  But it is interesting to note that there is no preferential leaching of uranium 

over cerium in the simulated MOX pellet during its dissolution. 
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Fig. 6.8. Concentration profiles of all the species during the dissolution of 

(U0.78Ce0.22)O2 MOX pellet in 8 M HNO3 at 100 and 600 RPM 

 
 

Fig. 6.9. Concentration profiles of all the species during the dissolution of 

(U0.72Ce0.28)O2 MOX pellet in 8 M HNO3 at 100 and 600 RPM 
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This justifies the formation of solid solution in these MOX pellets completely.  Within the 

errors of the experimental results, the composition of uranium and cerium in the solution 

was found to be always the same as that of the dissolving simulated MOX pellet. 

 

6.8 Effect of temperature on the dissolution kinetics of simulated MOX pellets 

 

6.8.1. Introduction 

The effect of temperature is one of the fundamental parameter required to be generated to 

model any chemical reaction.  Hence the effect of temperature on the dissolution kinetics 

of the simulated urania ceria MOX pellets in nitric acid was investigated. 

 

6.8.2. Experiments, results and discussion 

The same cylindrical glass reactor which was used for UO2 pellet dissolution was 

employed for these experiments.  The initial concentration of nitric acid and the mixing 

intensity were fixed at 8 M and 600 RPM respectively for this set of experiments.  In all 

the experiments about 100 mL of nitric acid was employed.  The temperatures chosen 

were 343, 353, 363 and 373 K.  The numbers of pellets were chosen such that the final 

concentration including both U and Ce at the end of each run is about 240 g/L.  In each 

experiment, nitric acid of required concentration and quantity will first be taken in the 

cylindrical glass dissolver and heated to a preset temperature. Once the set temperature is 

reached, the pellets were carefully lowered into the hot nitric acid and the mechanical 

glass impeller was set at 600 RPM simultaneously initiating the timer.  At periodic 

intervals of time, samples were taken and analyzed for acidity, uranium and cerium ion 

concentrations.  As indicated earlier in this chapter, uranium and cerium were analyzed 

simultaneously by HPLC. 

The plot of percentage dissolution against time as a function of various temperature is 

given in Fig. 6.10 for (U0.72Ce0.28)O2 simulated MOX pellet.  Similar trends were seen for 

all the compositions of the simulated MOX pellet.  Some of the most prominent features 

of these plots are the curve is ‘S’ shaped indicating the autocatalytic nature of UO2 

dissolution.  Further, temperature has a positive effect on the dissolution kinetics of 

simulated urania ceria MOX like most of the reactions. 
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Fig. 6.10. Effect of temperature on the dissolution rate of simulated urania ceria 

MOX pellets in nitric acid 

 
 

6.8.3. Role of nitrous acid on the dissolution of simulated MOX pellets 

The effect of nitrous acid on the dissolution kinetics of UO2 fuel pellets in nitric acid had 

been investigated and well established in the previous chapter.  Hence experiments were 

conducted with UO2, (U0.72Ce0.28)O2 simulated MOX pellet and pure sintered ceria pellets 

(fabricated in the same way as the simulated MOX pellet) under similar conditions.  These 

dissolution runs were conducted in the same cylindrical glass dissolver used for all the 

experiments till date.  The temperature was fixed at 353 K and a mixing rate of 600 RPM.  

NO2 gas (5000 PPM) was constantly purged into the reaction mixture during dissolution to 

ensure sufficient availability of nitrous acid during the reaction.  In order to compare the 

results, the initial amount of pellets (in terms of moles of metal atoms) was kept same in 

all the above experiments.  Around 100 mL of nitric acid with an initial concentration 8 M 

was used in all these experiments.  The results of the above experiment are presented in 

Fig. 6.11. 

The result presented in Fig. 6.11 clearly indicates that as more cerium is added to UO2 

pellets to make it a MOX, the dissolution rate decreases finally leading to CeO2 pellet with 

the least rate of dissolution under similar conditions.  This along the expected lines of 

thinking that as uranium composition in the MOX is reduced, the rate of its dissolution in 

nitric acid also gets reduced accordingly. 
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Fig. 6.11. Effect of cerium on the dissolution of (U, Ce)MOX pellets in nitric acid 

 
 

It was also found that when NO2 gas is purged into the reaction mixture during 

dissolution, both UO2 and the simulated urania ceria MOX pellets dissolved faster than in 

the absence of NO2 gas.  But in the case of CeO2 pellets, time taken for the complete 

dissolution of the same mass of pellet in nitric acid under similar conditions was almost 

the same irrespective of the presence of absence of NO2 gas.  This is because, as uranium 

undergoes oxidative dissolution, presence of NO2 gas catalyzes the reaction by producing 

nitrous acid in-situ.  But cerium is present in the same oxidation state of 4 both in solid 

and liquid.  Hence NO2 gas did not influence the rate of dissolution of CeO2. 

In order to study the effect of mixing on the dissolution kinetics of CeO2, ceria pellets 

fabricated by similar procedure as that of simulated urania ceria MOX pellets was 

subjected to dissolution in a similar cylindrical glass dissolver in 8 M initial concentration 

of nitric acid at 353 K under two different mixing rates of 100 and 600 RPM.  Since CeO2 

is independent of the presence of NO2 gas, these pellets were expected to exhibit increased 

dissolution rate when the mixing intensity is increased.  The results of these experiments 

are presented in Fig. 6.12 which clearly confirms that ceria dissolution rate in nitric acid is 

proportional to the rate of mixing.  But a similar effect of mixing is not seen in the 

simulated urania ceria MOX pellets.  This is because; uranium (major component in the 

simulated MOX pellets) undergoes oxidative dissolution in nitric acid whose rate is 

inversely related to mixing due to the dispersion of nitrous acid away from the pellet 

solution interface.  As cerium is the minor component of the solid solution, the overall rate 
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is dictated by the chemical behaviour of urania, whereas in the case of dissolution of pure 

ceria pellets, such constraints are not present.. 

 

Fig. 6.12. Effect of mixing on CeO2 dissolution rate in nitric acid 

 
 

All the results presented in this chapter so far, were used for modeling the dissolution 

reaction of simulated urania ceria MOX fuel pellets in nitric acid which is presented in the 

following section. 

 

6.9 Modeling of simulated MOX dissolution behavior 

 

6.9.1. Introduction 

The methodology adopted for modeling the dissolution of simulated urania ceria MOX 

pellets in nitric acid was similar to the methods which were already developed for 

understanding the dissolution behavior of UO2 pellets in nitric acid presented in section 

5.10. 

 

6.9.2. Methodologies 

The analytical methods employed for analyzing the dissolution behavior of UO2 pellets in 

nitric acid was employed for evaluating the kinetics of dissolution urania ceria MOX 

pellets in nitric acid also. 
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6.9.2.1. Method 1 – Based on surface penetration of nitric acid into pellets 

In this method, dissolution reaction is expressed by a two-step scheme as given below13. 

 

Wue → We → Wd (6.1) 

 

Where Wue is the unexposed mass of fuel, We is the exposed mass and Wd the dissolved 

mass. The first process in the above equation is the penetration process and its rate may be 

proportional to the concentration of nitric acid in the solution. While the latter process in 

the above equation is the chemical reaction. 

The reactions between UO2 and ions in the nitric acid solution under these experimental 

conditions were assumed as follows14, 15. 

 

( ) OHaqHNOUOUONO3H 22
2
2

hk
23 ++→++ +−+  (6.2) 

( ) ( ) O2Hgas2NOUOUO2Haq2HNO 2
2
2

nk
22 ++→++ ++  (6.3) 

( ) OHaqHNO2UOUOUONO3H 22
2
2

ck
2

2
23 ++→+++ ++−+  (6.4) 

 

The reactions between CeO2 and ions in the nitric acid solution under these experimental 

conditions was assumed as 

 

( ) O2HNOCe4HNOCeO 243
cek

32 + →+  (6.5) 

 

Where kCe is the rate constant for the nitric acid aided dissolution reaction of ceria pellets. 

 

6.9.2.1.1. Case-I: Considering the effect of nitrous acid to be negligible 

The dissolution experiments on simulated urania ceria MOX pellets in nitric acid was 

conducted at high stirring speed (600 rpm).  Hence the concentration of HNO2 at solid-

liquid interface is very much less. So the dissolution of UO2 due to nitrous acid could be 

neglected (equation 6.3 is not considered). 

 

The rate equations obtained based on eqn (6.2).eqn (6.4) and eqn (6.5) neglecting eqn (6.3) 

are given as follows. 
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(6.10) 

 

Where kp is the rate constant for the penetration process, M is the molecular weight of 

mixed oxide and V is the volume of the reacting solution. 

The experimental data of concentrations of nitric acid, uranium and cerium as a function 

of time were fitted into above rate equations using a nonlinear regression technique to 

obtain rate constant that best correlates the experimental data. The best values were 

obtained by minimizing the following objective function. 

( ) ( ) ( )∑∑∑ −+−+−=
n

1

2
CecalcexpCe

2n

1
calcHNOexpHNO

n

1

2
UcalcexpU CC*20CCCC*20f

33
 (6.11) 

The rate constants kp, kh, kc and kce were calculated at different conditions of temperature 

and acidity. The values of rate constants and corresponding standard deviation are given in 

tables 6.1 and 6.2 respectively for different temperatures and acidity. 

 

Table 6.1. Rate constants for simulated MOX fuel dissolution at different 

temperatures 

T(K) 343 353 363 373 

kp ([L/mol]/min) 4.05E-04 4.97E-04 7.95E-04 7.39E-04 

kh ([L/mol]2/min) 3.17E-05 2.43E-05 1.81E-05 2.54E-05 

kc ([L/mol]3/min) 1.05E-04 2.54E-04 2.98E-04 3.83E-04 

kce ([L/mol]3/min) 1.06E-05 1.46E-05 1.42E-05 1.88E-05 

sd(U) 0.0176 0.0083 0.0099 0.0109 

sd(HNO3) 0.0832 0.0359 0.0449 0.0472 

sd(Ce) 0.0085 0.0092 0.0094 0.0088 
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Table 6.2. Rate constants for the dissolution of simulated MOX fuel 

[HNO3] (M) 6 8 10 11.5 

kp ([L/mol]/min) 5.30E-03 4.97E-04 4.11E-04 4.03E-04 

kh ([L/mol]2/min) 5.13E-06 2.43E-05 1.98E-05 1.48E-05 

kc ([L/mol]3/min) 3.57E-04 2.54E-04 2.53E-04 2.77E-04 

kce ([L/mol]3/min) 5.25E-06 1.46E-05 1.24E-05 1.21E-05 

sd(U) 0.0108 0.0083 0.008 0.0105 

sd(HNO3) 0.0298 0.0359 0.0312 0.0385 

sd(Ce) 0.0063 0.0092 0.0068 0.0089 

 

The concentration profiles of uranium, nitric acid and cerium during the course of 

dissolution were determined using the model equations 6.6 to 6.10.  The comparison 

between experimental and calculated values of [U(VI)], [HNO3] and [Ce] vs time at 343 K 

are shown as semi log plots in the Figures 6.13 to 6.15.  Similar plots were also generated 

for each of the conditions mentioned in the tables 6.2 and 6.3. 

 

From the data given in Table 6.1, the activation energy for all the processes were 

estimated from Arrhenius equation to be about 34.8, 29, 43.5 and 18.3 kJ/mol for rate 

constants kP, kh, kc and kce respectively in the temperature range 343-373 K. 

 

Fig. 6.13. Modelled uranium concentration profile for the dissolution of 

(U0.78Ce0.22)O2 MOX pellet in 8 M HNO3 at 343 K and 600 RPM 
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Fig. 6.14. Modelled nitric acid concentration profile for the dissolution of 

(U0.78Ce0.22)O2 MOX pellet in 8 M HNO3 at 70°C and 600 RPM 

 
 

Fig. 6.15. Modelled cerium concentration profile for the dissolution of 

(U0.78Ce0.22)O2 MOX pellet in 8 M HNO3 at 70°C and 600 RPM 

 
 

6.9.2.1.2. Case II: Neglecting the autocatalytic effect of uranyl ion in solution 

If autocatalytic effect of uranyl ion is not considered over and above the effect of nitrous 

acid, then eqn (6.4) also need not be considered for deriving the rate equations along with 

eqn (6.3).  In that case, the rate equation gets modified as follows. 
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The experimental data of concentrations of nitric acid, uranium and cerium as a function 

of time were fitted into above rate equations using a nonlinear regression technique to 

obtain rate constant that best correlates the experimental data. The best values were 

obtained by minimizing the following objective function. 

 

( ) ( ) ( )∑∑∑ −+−+−=
n

1

2
CecalcCeexp

2n

1
calc3HNOexp3HNO

n

1

2
UcalcUexp CC*20CCCC*20f  (6.17) 

 

The rate constants kp, kh and kce were calculated at different conditions of temperature and 

acidity. The values of rate constants and corresponding standard deviation for different 

temperatures and acidity are given in Tables 6.3 and 6.4 respectively. 

 

Table 6.3. Rate constants for the dissolution of simulated MOX fuel at 

different temperatures 

T(K) 343 353 363 373 

kp ([L/mol]/min) 4.12E-04 5.25E-04 6.32E-04 7.02E-04 

kh ([L/mol]2/min) 4.60E-05 6.21E-05 7.35E-05 8.30E-05 

kce ([L/mol]3/min) 1.11E-05 1.29E-05 1.68E-05 1.88E-05 

sd(U) 0.027 0.0278 0.0311 0.0293 

sd(HNO3) 0.1114 0.1059 0.134 0.1267 

sd(Ce) 0.0082 0.0123 0.0108 0.0104 
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Table 6.4. Rate constants for simulated MOX fuel dissolution at different 

acidity 

[HNO3] (M) 6 8 10 11.5 

kp ([L/mol]/min) 5.87E-04 5.17E-04 4.89E-04 5.38E-04 

kh ([L/mol]2/min) 1.02E-04 6.32E-05 4.23E-05 4.05E-05 

kce ([L/mol]3/min) 1.35E-05 1.32E-05 1.02E-05 1.02E-05 

sd(U) 0.0294 0.0277 0.0208 0.0235 

sd(HNO3) 0.1248 0.1059 0.0997 0.1277 

sd(Ce) 0.0037 0.0124 0.0046 0.0053 

 

The concentration profiles of uranium, nitric acid and cerium during the course of 

dissolution were determined using the model equations 6.12 to 6.16.  The comparison 

between experimental and calculated values of [U(VI)], [HNO3] and [Ce] vs time at 343 K 

are shown as semi log plot in the Figures  6.16 to 6.18.  Similar plots were also generated 

for each of the conditions mentioned in the tables 6.3 and 6.4. 

 

Fig. 6.16. Modelled uranium concentration profile for the dissolution of 

(U0.78Ce0.22)O2 MOX pellet in 8 M HNO3 at 70°C and 600 RPM 
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Fig. 6.17. Modelled nitric acid concentration profile for the dissolution of 

(U0.78Ce0.22)O2 MOX pellet in 8 M HNO3 at 70°C and 600 RPM 

 
 

Fig. 6.18. Modelled cerium concentration profile for the dissolution of 

(U0.78Ce0.22)O2 MOX pellet in 8 M HNO3 at 70°C and 600 RPM 

 
 

From the data given in Table 6.3, the activation energy for all the processes were 

calculated from Arrhenius  equation and the values were found to be about 19.1, 20.7 and 
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19.6 kJ/mol for the rate constants kP, kh and kce respectively in the temperature range 343-

373 K. 

 

6.9.2.2. Method 2: Considering non-ideal nature of particle during the reaction 

 

6.9.2.2.1. Introduction 

Similar to the data analysis carried out for the dissolution of UO2 pellets in section 

5.10.3.3, the experimental data of the U, Ce MOX dissolution experiments was also 

analyzed considering the non-ideal nature of the particle during the reaction for the 

determinations of its kinetics. 

 

6.9.2.2.2. Model equations 

Here also the shrinking particle model was invoked by including the interaction of 

chemical reaction and diffusion together.  Model equations were derived in the same way 

as that of UO2 pellets dissolution.  As this is a MOX pellet, while deriving the rate 

equation, the reaction of ceria with nitric acid also needs to be considered.  Due to the 

presence of Ce as an additional species here, we will be ending up with three rate 

equations unlike in the case of UO2 (where it was only 2), i.e. one each for predicting the 

concentration profile of nitric acid, uranyl ion and ceric ion in the solution as a function of 

time.  In this derivation, the subscript ‘A’, ‘B’ and ‘E’ were used respectively to denote 

nitric acid, uranyl ion and ceric ion respectively.  Here also the accessible surface area was 

taken into account and is denoted by A.  It is calculated as per equation 5.88 given in the 

section 5.10.c.v in the previous chapter.  The surface area (A) and the subscript A denoting 

nitric acid (XA) are differentiated sufficiently all through the derivation. As the derivations 

are already explained in detail in section 5.10 of this thesis, the same is not repeated here.  

The final rate equations for determining the concentration profiles of various species are 

given in the following equations. 

 

for nitric acid, A)CkvCk(v
dt

dC s
LAEAE

s
LABAB

A •+=  (6.18) 

For uranium, ACkv
dt

dC s
LABB

B •=  (6.19) 
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For cerium, ACkv
dt

dC s
LAEE

E •=  (6.20) 

 

Here the values for the stoichiometric coefficients used are vAB = 2.75, vAE = 4, vB = vE = 

1. 

The rate constants were estimated at different temperatures.  Comparison between 

experimental and calculated values of the concentration profiles of uranyl ion, ceric ion 

and bulk phase nitric acid were generated graphically as a function of time are shown in 

the figures in the following sections for various conditions as the case may be. The 

temperature dependency of the dissolution rate is governed by the Arrhenius equation. 

Thus the plot of ln (k) vs 1/T gives a slope equal to (-Ea/R) from which the apparent 

activation energy of the dissolution reaction under the experimental conditions were 

estimated.  The best values of the rate constants were obtained by minimizing the 

objective function given below. 

 

( ) ( ) ( )
2n

1
EcalcEexp

2n

1
AbcalcAbexp

n

1

2
BcalcBexp CC*50CC*50CC*20f ∑∑∑ −+−+−=  (6.21) 

 

The comparison between the experimental and calculated concentration profiles using the 

model equations were given graphically in the following sections for different cases. 

The above model equations are applied for all the experimental data generated to study the 

effect of initial concentration of nitric acid, mixing rate (RPM) and temperature.  For each 

of the above experiment, model equations were used to determine the rate constants for 

two different situations namely the order with respect to nitric acid being 1 and 2. 

 

6.9.2.2.2.1. Case 1: Order w.r.t. nitric acid is 1 

Figures 6.19 to 6.21 shows the comparison between the experimental and the predicted 

concentration profiles of nitric acid, uranium and cerium for the dissolution of 

U0.78Ce0.22O2 MOX pellets in 8 M nitric acid at 353 K with the assumption that the order 

w.r.t. to nitric acid is unity.  The experimental data only up to 60% of the dissolution was 

considered for modeling as the pellets crumble beyond that point beyond which the value 

of the shape factor is no more constant and changes very drastically. 
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Fig. 6.19. Comparison of experimental and calculated profiles of [U(VI)] at 353 K 

for U0.78Ce0.22O2 MOX pellet dissolution assuming 1st order w.r.t. HNO3 

 
 

Fig. 6.20. Comparison of experimental and calculated 1st order [HNO3] profiles at 

353 K for U0.78Ce0.22O2 MOX pellet dissolution 
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Fig. 6.21. Comparison of experimental and calculated profiles of [Ce(IV)] at 353 K 

for U0.78Ce0.22O2 MOX pellet dissolution assuming 1st order w.r.t. HNO3 

 
 

6.9.2.2.2.2. Case 2: Order w.r.t. nitric acid is 2 

Figures 6.22 to 6.24 shows the comparison between the experimental and the predicted 

concentration profiles of nitric acid, uranium and cerium for the dissolution of 

U0.78Ce0.22O2 MOX pellets in 8 M nitric acid at 353 K with the assumption that the order 

w.r.t. to nitric acid is two.  The experimental data only upto 60% of the dissolution was 

considered for modeling as the pellets crumble beyond that point beyond which the value 

of the shape factor is no more constant and changes very drastically. 

 

Fig. 6.22. Comparison of experimental and calculated profiles of [U(VI)] at 353 K 

for U0.78Ce0.22O2 MOX pellet dissolution assuming 2nd order w.r.t. HNO3 
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Fig. 6.23. Comparison of experimental and calculated 2nd order [HNO3] profiles at 

353 K for U0.78Ce0.22O2 MOX pellet dissolution 

 
 

Fig. 6.24. Comparison of experimental and calculated profiles of [Ce(IV)] at 353 K 

for U0.78Ce0.22O2 MOX pellet dissolution assuming 2nd order w.r.t. HNO3 

 
 

6.10 Conclusion on the modeling of simulated U, Ce MOX pellet dissolution 

The modeling of the experimental data on the dissolution of simulated urania ceria MOX 

pellets in nitric acid medium under various conditions of acidity, temperature and mixing 

rate were carried out in two different methods, viz. penetration based and surface area 

based methods, very similar to that for UO2 pellet dissolution mentioned in the previous 

chapter.  As for as the simulated MOX pellets dissolution modeling is concerned, the 
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prediction of the concentration profiles of the various species involved in the reaction (like 

U, Ce and nitric acid) was found to be more accurate using the first method.  This was not 

the case with UO2 pellets, as discussed in the previous chapter, for which the surface area 

based method was found to be more accurate.  This could be attributed to the lesser 

accuracy in the measurement of the surface area of the simulated MOX pellets.  As the 

simulated MOX pellets were fabricated by combustion synthesis method wherein the solid 

powders of MOX was generated straightaway from the solution, their dissolution 

behaviour was much better than the sintered UO2 pellets which was prepared by powder 

metallurgical route.  Hence the pellets became porous much earlier during dissolution 

leading to its crumbling even at around 20-25% of dissolution by mass.  Once the pellet 

crumbles, the uncertainty in measuring the surface area of the dissolving pellet as a 

function of time also goes up drastically.  This leads to higher uncertainty in the surface 

area measurements and thereby the inaccuracy in the modeling of its dissolution using the 

surface area data also increased proportionately.  But as the dissolution process nears its 

completion, the number of crumbled pieces also decreased.  Hence the accuracy in the 

measurement of surface area as the process nears completion started getting better.  This in 

turn led to better prediction of the concentration profiles of uranium and cerium towards 

the end of the dissolution process as seen in Figures 6.21 and 6.23 respectively. 

When it comes to the order of the reaction with reaction with respect to nitric acid, the 

results of the models show that predicted concentration profiles are practically the same 

irrespective of the order being 1 or 2.  Similarly, when the catalytic effect of uranyl ions in 

the solution is neglected, the predicted concentration profiles are closer in agreement with 

the experimental profiles.  This justifies the absence of any catalytic effect due to the 

uranyl ions. 

Another important observation to be made is that as the fabrication route opted for making 

the simulated MOX pellets aided in their relatively rapid dissolution as against the UO2 

pellets prepared by the conventional powder metallurgical route, the rate of the reaction at 

600 RPM (which is the minimum mixing rate required to reduce the diffusion control of 

the UO2 dissolution reaction to its bare minimum) was pretty high.  This indicated that the 

diffusion control is not at its lowest point at 600 RPM for the simulated MOX pellets.  

This was reflected in the value of the apparent activation energy (Ea) calculated for these 

pellets from the data given in Table 19.  The estimated Ea values were less than 20 kJ/mol 

which by a rule of thumb is the upper limit for a reaction to be predominantly diffusion 
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controlled16.  This value suggests that the diffusion control on the overall reaction rate 

could be further reduced by increasing the mixing rate.  Thus the estimated rate parameters 

for the dissolution of simulated urania ceria MOX pellets in nitric acid, under the 

experimental conditions employed in this research work, would be slightly on the 

conservative side with respect to that of irradiated pellets which would be more porous in 

nature due to the presence of more amount of fission gas present in them.  Therefore for 

obtaining a more realistic prediction using this methodology, similar approach should be 

undertaken with irradiated pellets as well.  The facilities currently available in our centre 

are not sophisticated enough to carry out R&D experiments on irradiated nuclear fuel 

pellets.  Thus the basic research work carried out as a part of this thesis would pave way 

for further work in future using irradiated fuel samples which would enable development 

of more accurate dissolution models.  In this context, the current work would serve as a 

launching pad for understanding the dissolution process of irradiated nuclear fuel.  This in 

turn could lead to the development of the continuous dissolution process system which is 

the need of the hour for designing energy efficient, high throughput and safer FBR fuel 

reprocessing plants. 
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CHAPTER 7. Dissolution kinetics of UO2-PuO2 MOX pellets in 

nitric acid medium 

 

7.1 Introduction 

The primary aim of this research work, as mentioned in section 1.10, is to determine the 

intrinsic dissolution kinetics of typical FBR driver fuel (plutonium rich urania plutonia 

MOX fuel) under PUREX process conditions.  The dissolution kinetics of UO2 and 

simulated urania ceria MOX pellets have already been explained in detail in Chapters five 

and six.  Their kinetic parameters have been evaluated under typical PUREX process 

conditions which were used as the basis for studying the kinetics of FBR plutonium rich 

MOX fuel.  As explained already in section 6.1, we could not afford to carry out many 

experiments with plutonium fuel system.  Hence based on the results of the experiments 

on UO2 and urania ceria MOX pellet dissolution in nitric acid and with minimum number 

of experiments on urania plutonia MOX fuel pellets, the kinetics of dissolution of urania 

plutonia MOX fuel in nitric acid was studied and modeled.  This chapter presents the 

MOX dissolution studies in detail. 

 

7.2 Nature of fuel pellets 

The MOX pellets required for the study were brought from BARC, Mumbai.  These 

represent typical inner core PFBR MOX fuel pellets, whose composition is 21.78 mass 

percent of PuO2 and the rest is UO2 ((U0.782Pu0.218)O2).  All the pellets had an annular hole 

at the centre to decrease the difference between the centre line and surface temperature 

within each pellet during its irradiation in PFBR (refer Fig. 4.3).  All these pellets were 

dimensionally rejected due to some minor crack/chipping along its surface.  The physical 

features of the pellet used in the experiments are given in Table 7.1. 

 

Table 7.1. Details of the inner core PFBR MOX pellets 

S.No. Parameter Approximate Details 

1 Weight (g) 1.5-1.75 

2 Diameter (mm) 5-6 

3 Length (mm) 10 

4 Annular hole diameter (mm) 1-2 
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7.3 Erection of the experimental set-up 

A glass dissolver similar to that used for UO2 and simulated urania ceria MOX pellets was 

used for studying the dissolution behaviour of MOX pellets in nitric acid.  The design and 

construction of the dissolution vessel is already explained in section 5.1.  The entire 

dissolution reactor along with the glass impeller for stirring, off-gas condenser, off-gas 

scrubber, heating mantle with temperature controller etc were installed inside an airtight 

glove box.  The services required for the experimental studies like air-ejector for sucking 

the off-gas etc. were erected inside a fume hood adjacent to the glove box.  Permanent SS 

lines were laid between the fume hood and glove box for connecting the required services 

to the experimental set-up.  Prior to the experiments, the erected experimental setup was 

inspected and cleared by the competent safety authority of IGCAR.  The schematic sketch 

of the experimental set-up is shown in Fig. 7.1. 

 

Fig. 7.1. Schematic sketch of the dissolution set-up for dissolving MOX pellets 

 
 

7.4 Effect of initial concentration of nitric acid on the dissolution kinetics 

Similar to the experimental studies on the dissolution behaviour of UO2 and simulated 

MOX pellets in nitric acid, initial set of experiments were carried out to study the effect of 

initial concentration of nitric acid on the dissolution kinetics of MOX pellets at 353 K.  

Experiments were conducted at initial concentrations of nitric acid of 8, 10, 11.5 and 16 

M.  The agitation rate and temperature were maintained constantly at 600 RPM and 353 K 
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as justified in sections 5.2 and 5.5.3 respectively.  The graphical representation of the 

effect of initial concentration of nitric acid on the dissolution of MOX pellets is shown in 

Fig. 7.2. 

 

Fig. 7.2. Effect of initial acidity on the dissolution kinetics of (U0.782Pu0.218)O2 MOX 

pellet at 353 K and 600 RPM 

 
 

Fig. 7.2 clearly shows that the increase in the initial concentration of nitric acid leads to an 

increase in the rate of dissolution.  Similar to UO2 and simulated MOX pellets, all these 

dissolution curves exhibit the sigmoidal shape indicating the presence of an autocatalytic 

effect.  This is due to the autocatalytic dissolution of UO2, the major component of the 

MOX pellets (78.28 wt %).  A more interesting and unique behaviour among the fuels 

used for the present investigations was observed for the urania plutonia MOX pellets.  In 

all the above experiments it was found that uranium always got leached out of the pellet 

faster than plutonium.  This was unlike the case of simulated MOX pellets wherein the 

uranium and cerium composition in the liquid was always the same and equal to that of the 

initial pellet.  This behaviour of MOX pellet is indicated in Fig. 7.3 which typically shows 

the percentage dissolution of uranium and plutonium separately and together during the 

dissolution of urania plutonia MOX pellets in 8 M nitric acid at 353 K. 
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Fig. 7.3. Typical dissolution curve for (U0.782Pu0.218)O2 MOX pellet in 8 M nitric 

acid at 353 K and 600 RPM 

 
 

Fig. 7.3 clearly brings out the relative difference in the rate of dissolution of uranium and 

plutonium from the MOX pellet.  Though plutonia dissolves sluggishly when compared to 

urania as shown here, the very fact that the pellet ultimately dissolves completely re-

emphasizes that MOX pellets with plutonium below 35 wt % dissolves completely just by 

heating in pure nitric acid without the requirement of any other strong oxidizing or 

reducing agents as mentioned in the literature1.  This behaviour was seen during all the 

dissolution experiments of urania plutonia MOX pellets in nitric acid carried out as a part 

of this research work. 

The consolidated results of the effect of initial concentration of the acid on the dissolver 

solution composition are shown in Fig. 7.4.  It could be clearly understood from Fig.7.4 

that as the concentration of acid increases, the rate of plutonium oxide dissolution 

increases more than that of uranium oxide.  Hence the gap between the percentage 

uranium and percentage plutonium curve under the given condition narrows gradually 

with the increase in the initial concentration of nitric acid.  All of these data were used for 

the evaluation of the kinetic parameters of the dissolution of MOX pellets in nitric acid 

during the modeling of the reaction kinetics. 
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Fig. 7.4. Effect of acidity on the composition of the dissolver solution during the 

dissolution of (U0.782Pu0.218)O2 MOX pellet at 353 K and 600 RPM 

 
 

Fig. 7.5. Effect of acidity on the relative dissolution of uranium and plutonium 

from (U0.782Pu0.218)O2 MOX pellet at 353 K and 600 RPM 

 
 

As described already, the composition of the urania plutonia MOX pellets used in the 
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dissolution studies is 78.22% uranium and 21.78% Pu.  Hence the ratio of weight percent 

of uranium to plutonium in all the pellets is about 3.5872 (78.2/21.8).  Therefore for better 

understanding of the differential dissolution rate of urania and plutonia from the same 

MOX pellet, the mole ratio of U to Pu in solution was plotted against time for each of the 

above experiment and is shown in Fig. 7.5.  The lowest value of 3.6 on the y axis in Fig. 

102 corresponds to the U/Pu mole ratio of the starting pellet.  It could be seen that in all 

the cases, this value is reached only at the end of the dissolution.  Prior to that, this value 

starts from a much higher number before gradually reaching 3.6 at the end.  This translates 

into the fact that the mole ratio of uranium to plutonium in the solution during the course 

of dissolution is always higher than that in the starting pellet.  That is uranium dissolves 

more rapidly than plutonium at the start of the dissolution experiment and the rate of 

plutonium dissolution gradually picks up till their mole ratio reaches a value similar to that 

in the starting pellet.  It should also be noted that this mole ratio at any given time during 

the course of dissolution is always inversely proportional to the initial concentration of 

nitric acid.  These experimental data were later used in deriving the model equations for 

the dissolution of MOX pellets in nitric acid which was subsequently employed to 

determine the kinetic parameters using non-linear regression techniques. 

The consolidated results of the effect of initial concentration of nitric acid on the 

dissolution of MOX pellets is given in Fig. 7.6 by making a parity plot of % uranium and 

% plutonium against the total % dissolution for each of the condition.  The centre most 

dotted line in Fig. 7.6 corresponds to the composition of uranium and plutonium in the 

MOX pellet.  It could be noted that the percentage uranium dissolution line under the 

given condition always lies above and the plutonium line always below the centre line.  

Thus the composition of uranium in the dissolved solution is always higher than that in the 

starting MOX pellet at any stage of the dissolution reaction.  The more the gap between 

the % uranium and % plutonium line under the given condition, faster would be the 

dissolution of urania when compared to plutonia from the pellet.  It could be clearly seen 

that this gap decreases gradually as the initial concentration of nitric acid is increased.  

This reconfirms two facts; from the same MOX pellet (i) the dissolution of urania is rapid 

when compared to plutonia and (ii) with increase in the initial concentration of nitric acid, 

the rate of dissolution of plutonia increases more when compared to urania.  The relative 

rate of dissolution of the MOX pellets with respect to the concentration of nitric acid is 

clearly shown in the inset of Fig. 7.6. 
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Fig. 7.6. Consolidated effect of acidity on the dissolution of (U0.782Pu0.218)O2 MOX 

pellet at 80°C and 600 RPM with expanded view in the inset 

 
 

Along the diagonal of the inset from bottom right to the top left, the top four lines are that 

of urania and the bottom four are that of plutonia.  Among the four urania lines, the order 

of initial concentration of nitric acid increases from top to bottom, whereas in the case of 

plutonia, the order is reversed.  Hence in general, as the initial concentration of nitric acid 

increases the corresponding lines of % uranium dissolution and % plutonium dissolution 

comes closer.  This indicates that with increase in acidity, the difference in the rates of 

UO2 and PuO2 from the MOX pellet decreases. 

 

7.5 Effect of temperature on the dissolution kinetics of MOX 

The next parameter which was chosen to study its effect on the MOX pellet dissolution 

kinetics was temperature.  For this purpose, the acidity and the mixing rate was fixed at 8 

M and 600 RPM as described in Chapter 5.  The temperature was changed from 348 K to 

368 K in steps of 5 K.  Thus five different temperatures were chosen.  The experiments 

were carried out in the same set-up as explained in the previous section.  The results are 

presented graphically in Fig. 7.7.  The following are some of the salient features of the 

results presented in Fig. 7.7. 
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a. Like all other previous experiments, these dissolution experiments also exhibit 

the sigmoidal shape for the conversion curve indicating the presence of 

autocatalytic effect of nitrous acid on UO2 dissolution 

b. As the temperature is increased, the S shape of the curve gradually reduces.  

This is due to the increased instability of nitrous acid at higher temperature 

leading to the gradual decrease in its autocatalytic effect 

 

Fig. 7.7. Effect of temperature on the dissolution kinetics of (U0.782Pu0.218)O2 MOX 

pellet in 8 M HNO3 and 600 RPM 

 
 

Similar to the results of the experiments to study the effect of initial concentration of nitric 

acid, in these experiments also it was found that UO2 preferentially got leached faster than 

PuO2.  The difference between the rate of dissolution of UO2 and PuO2 was found to 

reduce as the temperature was increased which is shown in Fig. 7.8. 

Though the experiments were carried out at five different temperature, Fig. 7.8 shows the 

percentage dissolution of urania, plutonia and the total pellet at only three different 

temperatures as the lines would overlap and make the graph complicated if all were 

included.  The most striking feature of Fig. 7.8 was the reduction in the gap between the % 

uranium and % plutonium lines as the temperature was increased.  The relative dissolution 

of uranium and plutonium from the MOX pellets as a function of temperature is shown 

more clearly in Fig. 7.9. 
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Fig. 7.8. Effect of temperature on the composition of the dissolved solution during 

the dissolution of (U0.782Pu0.218)O2 MOX pellet in 8 M HNO3 at 600 RPM 

 
 

Fig. 7.9. Effect of temperature on the relative dissolution of uranium and 

plutonium from (U0.782Pu0.218)O2 MOX pellet at 8 M nitric acid and 600 

RPM 

 
 

It could be noted from Fig. 7.9 that as the temperature is increased, the difference in the 

relative dissolution of urania and plutonia in the MOX pellet decreases.  This is indicated 

by the decrease in the ratio of % U dissolved to % Pu dissolved at any given time as a 
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function of increasing temperature. 

The same information is given in Fig. 7.10 as well, wherein the percentage uranium and 

plutonium dissolved were plotted against the total percentage dissolved for all the 

temperatures.  As the temperature is increased, the gap between the percentage uranium 

line and the percentage plutonium line decreases.  This is a fair indication that the increase 

in the rate of plutonia dissolution is higher when compared to urania as the temperature is 

increased. 

 

Fig. 7.10. Consolidated effect of temperature on the dissolution of (U0.782Pu0.218)O2 

MOX pellet at 8 M nitric acid and 600 RPM with expanded view in the 

inset 

 
 

7.6 Effect of mixing on the dissolution kinetics of MOX pellets in nitric acid 

Experiments were conducted in a similar fashion to study the effect of mixing intensity on 

the dissolution kinetics of MOX pellets in nitric acid after understanding the effect of 

initial acid concentration and temperature.  Four different mixing rates were employed for 

this purpose, namely, 0, 100, 600 and 1500 RPM.  The results of the experiments are 

shown graphically in Fig. 7.11.  It could be seen from the Fig. that, as the mixing rate is 

increased, the rate of dissolution decreases which is similar to the case of UO2 and 

simulated urania ceria MOX pellets under the same conditions.  It could also be noted that 
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the difference in the dissolution rate while increasing the mixing rate from 600 and 1500 

RPM is negligible.  Hence, similar to the case of UO2 and simulated urania ceria MOX 

pellets the effect of diffusion from 600 RPM and at further higher mixing rate is at its 

barest minimum.  Therefore the kinetic parameters to be evaluated under these conditions 

would be intrinsic in nature. 

 

Fig. 7.11. Effect of mixing on the dissolution kinetics of (U0.782Pu0.218)O2 MOX pellet 

in 8 M nitric acid at 80°C 

 
 

The effect of mixing intensity on the rate of dissolution of urania and plutonia in the MOX 

pellet is shown in Fig. 7.12.  Though four different mixing rates were employed, only two 

were shown in this Fig. for the sake of simplicity.  Otherwise the figure would become 

more complicated due to overlapping of curves of one mixing rate with the other when the 

results of all the four mixing rates were included in the same figure.  It could be 

understood from Fig. 108 that, similar to urania, the rate of dissolution of plutonia was 

also found to be inversely proportional to the rate of mixing.  The presence of nitrous acid 

is not expected to make any difference to the rate of dissolution of plutonia in nitric acid as 

the oxidation state of plutonium remains the same in both the solid and liquid phases 

during the dissolution.  Hence the mixing intensity is expected to be directly proportional 

to the rate of dissolution of plutonia similar to any solid dissolving in a liquid medium.  

This contradicting observation could be explained based on the behaviour of urania.  As 
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explained in Chapter 5, the rate of dissolution of urania is inversely proportional to the rate 

of mixing due to the catalytic effect of nitrous acid which is present more at the vicinity of 

the pellet surface at lower mixing rate.  Urania being the major component of the MOX 

pellet, its faster dissolution rate at lower mixing rate renders the pellet more porous.  This 

increases the effective surface area of the pellet leading to better contact between the pellet 

and acid resulting in the increased rate of dissolution of plutonia.  This could be inferred 

from Fig. 7.12 by the sudden increase in the slope of the plutonia dissolution line when 

sufficient urania has got dissolved as the mixing intensity is decreased. 

 

Fig. 7.12. Effect of mixing rate on the rate of dissolution of UO2 and PuO2 in 

(U0.782Pu0.218)O2 MOX pellet in 8 M HNO3 at 353 K 

 
 

For better understanding, the effect of mixing on the relative dissolution of urania and 

plutonia from the same MOX pellet is given in Fig. 7.13 in terms of ratio of molar 

concentration of uranium to plutonium in the solution as a function of time for all the 

mixing rates employed.  The lowest point in the y axis of Fig. 7.13 corresponds to 3.556 

which is the mole ratio of uranium to plutonium in the starting MOX pellet.  It could well 

be understood from the Fig. that at reduced mixing rate, urania dissolves relatively much 

faster that plutonia which is reflected by the high molar ratio of uranium to plutonium in 

the solution.  As the mixing rate is increased, this value gradually approaches to that of the 

initial pellet at the end of dissolution.  The curves at 600 and 1500 RPM are almost the 
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same indicating the negligible presence of diffusion control from 600 RPM and upwards. 

 

Fig. 7.13. Effect of mixing rate on the relative dissolution of uranium and plutonium 

from (U0.782Pu0.218)O2 MOX pellet in 8 M nitric acid at 353 K 

 
 

Fig. 7.14. Consolidated effect of mixing rate on the dissolution of (U0.782Pu0.218)O2 

MOX pellet in 8 M nitric acid at 353 K 

 
The consolidated effect of mixing on the dissolution kinetics of urania plutonia MOX 

pellet is given in Fig. 7.14.  The construction of Fig. 7.14 is very similar to that of Figures 
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7.6 and 7.10 except for the fact that the influencing parameter here is the mixing rate. 

All the above results of dissolution studies of (U0.782Pu0.218)O2 MOX pellet in nitric acid 

has brought out clearly the effect of various parameters on the reaction kinetics.  All these 

experimental data were used for modeling the reaction kinetics.  All these results makes an 

interesting case to study the effect of plutonium composition in the MOX pellet on its 

dissolution kinetics in nitric acid medium under various conditions.  Similar studies on 

MOX pellets of other compositions would be performed, once they become available. 

 

7.7 Evaluation of dissolution kinetics of UO2-PuO2 fuel pellets 

 

7.7.1 Introduction 

The methodology adopted for modeling the dissolution of urania plutonia MOX pellets in 

nitric acid was similar to the methods which were already developed for understanding the 

dissolution behavior of simulated urania ceria MOX pellets in nitric acid presented in 

section 6.9 of this thesis. 

 

7.7.2 Methodologies 

The analytical methods employed for analyzing the dissolution behavior of urania ceria 

MOX pellets in nitric acid was employed for evaluating the kinetics of dissolution urania 

plutonia MOX pellets in nitric acid also. 

 

7.7.2.1. Method 1 – Based on surface penetration of nitric acid into solid pellets 

In this method, dissolution reaction is expressed by a two-step scheme as given below2. 

 

Wue → We → Wd (7.1) 

 

Where Wue is the unexposed mass of fuel, We is the exposed mass and Wd the dissolved 

mass. The first process in the above equation is the penetration process.  The rate of 

penetration process may be proportional to the concentration of nitric acid in the solution. 

The latter process in the above equation is considered as the chemical reaction.  

The reactions between UO2 and ions in the nitric acid solution under these experimental 

conditions were assumed as follows3, 4. 
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( ) OHaqHNOUOUONO3H 22
2
2

hk
23 ++→++ +−+  (7.2) 

( ) ( ) O2Hgas2NOUOUO2Haq2HNO 2
2
2

nk
22 ++→++ ++  (7.3) 

( ) OHaqHNO2UOUOUONO3H 22
2
2

ck
2

2
23 ++→+++ ++−+  (7.4) 

 

The reactions between PuO2 and ions in the nitric acid solution under these experimental 

conditions was assumed as 

 

( ) O22H43NOPuPuk
34HNO2PuO + →+  (7.5) 

 

7.7.2.1.1. Case-I: Considering the effect of nitrous acid to be negligible 

 

The dissolution experiments on urania plutonia MOX pellets in nitric acid was conducted 

at high stirring speed (600 rpm).  Hence the concentration of HNO2 at solid-liquid 

interface is vey much less. So the dissolution of UO2 due to nitrous acid could be 

neglected (equation 7.3 is not considered). 

 

The rate equations obtained based on eqn(7.2).eqn(7.4) and eqn(7.5) are given by 
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[ ] ( ) [ ] [ ] [ ] [ ]( ) e
2
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3h

13 WHNO4kUOHNO3kHNO3kVM
dt

HNOd
++−= +−  (7.10) 

 

Where kp is the rate constant for the penetration process, M is the molecular weight of 

mixed oxide and V is the volume of the reacting solution. 
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The experimental data of concentrations of nitric acid, uranium and plutonium as a 

function of time were fitted into the above rate equations using a nonlinear regression 

technique to obtain rate constant that best correlates the experimental data. The best values 

were obtained by minimizing the following objective function 

 

( ) ( ) ( )∑∑∑ −+−+−=
n

1
2

PucalcPuexp
2n

1
calc3HNOexp3HNO

n

1
2

UcalcUexp CC*20CCCC*20f  (7.11) 

The rate constants kp, kh, kc and kPu were calculated at different conditions of temperature 

and acidity. The values of rate constants and corresponding standard deviation are given in 

Table 7.2. 

 

Table 7.2. Rate constants for the dissolution of MOX fuel at different temperatures 

T(K) 348 353 358 368 

kp ([L/mol]/min) 4.05E-04 4.97E-04 7.95E-04 7.39E-04 

kh ([L/mol]2/min) 3.17E-05 2.43E-05 1.81E-05 2.54E-05 

kc ([L/mol]3/min) 1.05E-04 2.54E-04 2.98E-04 3.83E-04 

kPu ([L/mol]3/min) 1.06E-05 1.46E-05 1.42E-05 1.88E-05 

sd(U) 0.0176 0.0083 0.0099 0.0109 

sd(HNO3) 0.0832 0.0359 0.0449 0.0472 

sd(Pu) 0.0085 0.0092 0.0094 0.0088 

 

Table 7.3. Rate constants for the dissolution of MOX fuel at different acidity 

[HNO3] (M) 8 10 11.5 15.5 

kp ([L/mol]/min) 5.30E-03 4.97E-04 4.11E-04 4.03E-04 

kh ([L/mol]2/min) 5.13E-06 2.43E-05 1.98E-05 1.48E-05 

kc ([L/mol]3/min) 3.57E-04 2.54E-04 2.53E-04 2.77E-04 

kPu ([L/mol]3/min) 5.25E-06 1.46E-05 1.24E-05 1.21E-05 

sd(U) 0.0108 0.0083 0.008 0.0105 

sd(HNO3) 0.0298 0.0359 0.0312 0.0385 

sd(Pu) 0.0063 0.0092 0.0068 0.0089 
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The concentration profiles of uranium, nitric acid and cerium during the course of 

dissolution were determined using the model equations 7.6 to 7.10.  The comparison 

between experimental and calculated values of [U(VI)], [HNO3] and [Pu] vs time at 348 K 

were shown as a semi log plot in the Figures 7.15 to 7.17.  Similar plots were also 

generated for each of the conditions mentioned in the two tables given above. 

 

Fig. 7.15. Modelled uranium concentration profile for the dissolution of 

(U0.78Pu0.22)O2 MOX pellet in 8 M HNO3 at 348 K and 600 RPM 

 
Fig. 7.16. Modeled nitric acid concentration profile for the dissolution of 

(U0.78Pu0.22)O2 MOX pellet in 8 M HNO3 at 348 K and 600 RPM 
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Fig. 7.17. Modelled plutonium concentration profile for the dissolution of 

(U0.78Pu0.22)O2 MOX pellet in 8 M HNO3 at 348 K and 600 RPM 

 
 

From the data given in Table 7.2, the activation energy for all the processes was calculated 

using Arrhenius equation and they were found to be about 31.7, 21.5, 26.6 and 17.5 kJ/mol 

for the processes with the rate constants kP, kh, kc and kPu respectively in the temperature 

range 343-373 K. 

 

7.7.2.1.2. Case II: Neglecting the autocatalytic effect of uranyl ion in solution 

 

If autocatalytic effect of uranyl ion is not considered, then equation (7.4) need not be 

considered for deriving the rate equations.  In that case, the rate equation gets modified as 

follows. 
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The experimental data of concentrations of nitric acid, uranium and plutonium as a 

function of time were fitted into above rate equations using a nonlinear regression 

technique to obtain the rate constant that best correlates the experimental data. The best 

values were obtained by minimizing the following objective function 

 

( ) ( ) ( )∑ −+∑ −+∑ −=
n

1
2

PucalcCPuexpC*20
2n

1
calc3HNOCexp3HNOC

n

1
2

UcalcCUexpC*20f  (6.17) 

 

The rate constants kp, kh and kPu were calculated at different conditions of temperature and 

acidity. The values of rate constants and corresponding standard deviation are tabulated in 

tables 7.4 and 7.5. 

 

Table 7.4. Rate constants for the dissolution of MOX fuel at different temperatures 

T(K) 70 80 90 100 

kp ([L/mol]/min) 4.12E-04 5.25E-04 6.32E-04 7.02E-04 

kh ([L/mol]2/min) 4.60E-05 6.21E-05 7.35E-05 8.30E-05 

kPu ([L/mol]3/min) 1.11E-05 1.29E-05 1.68E-05 1.88E-05 

sd(U) 0.027 0.0278 0.0311 0.0293 

sd(HNO3) 0.1114 0.1059 0.134 0.1267 

sd(Pu) 0.0082 0.0123 0.0108 0.0104 

 

 

Table 7.5. Rate constants for MOX fuel dissolution at different acidity 

[HNO3] (M) 6 8 10 11.5 

kp ([L/mol]/min) 5.87E-04 5.17E-04 4.89E-04 5.38E-04 

kh ([L/mol]2/min) 1.02E-04 6.32E-05 4.23E-05 4.05E-05 

kPu ([L/mol]3/min) 1.35E-05 1.32E-05 1.02E-05 1.02E-05 

sd(U) 0.0294 0.0277 0.0208 0.0235 

sd(HNO3) 0.1248 0.1059 0.0997 0.1277 

sd(Pu) 0.0037 0.0124 0.0046 0.0053 
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The concentration profiles of uranium, nitric acid and plutonium during the course of 

dissolution were determined using the model equations 7.12 to 7.16.  The comparison 

between experimental and calculated values of [U(VI)], [HNO3] and [Pu4+] vs time at 353 

K are shown as semi log plots in Figures 7.18 to 7.20 respectively.  Similar plots were also 

generated for each of the conditions mentioned in the tables 7.4 and 7.5. 

 

Fig. 7.18. Modelled uranium concentration profile for the dissolution of 

(U0.78Pu0.22)O2 MOX pellet in 8 M HNO3 at 353 K and 600 RPM 

 
 

Fig. 7.19. Modelled nitric acid concentration profile for the dissolution of 

(U0.78Pu0.22)O2 MOX pellet in 8 M HNO3 at 353 K and 600 RPM 
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Fig. 7.20. Modelled plutonium concentration profile for the dissolution of 

(U0.78Pu0.22)O2 MOX pellet in 8 M HNO3 at 353 K and 600 RPM 

 
 

From the data given in Table 7.4, the activation energy for all the processes was calculated 

using Arrhenius equation and they were found to be about 19.1, 20.7 and 19.6 kJ/mol for 

rate constant kP, kh and kPu respectively in the temperature range 343-373 K. 

During the dissolution of MOX pellets, it is only uranium which undergoes oxidative 

dissolution, whereas, plutonium remains in the same oxidation state both in the solid and 

liquid.  Also, as uranium being more than 70% in mass and they have formed a perfect 

solid solution, the overall dissolution profile is sigmoidal due to the autocatalytic nature of 

urania dissolution in presence of nitrous acid.  Figures 7.15 and 7.18 are the predicted 

uranium profiles with and without autocatalytic effect.  Both the predicted profiles are 

fairly accurate indicating the insignificance of the catalytic effect of uranyl ion.  In fact the 

predicted uranium profiles match the experimental values more closely in the absence of 

the catalytic effect of uranyl ion.  This further emphasizes the absence of any catalytic 

action of uranyl ion.  Whereas when it comes to predicting the plutonium profiles, shown 

in figures 7.17 and 7.20, neglecting the catalytic effect of uranyl ion markedly improves 

the prediction.  This clearly shows that uranyl ion doesn’t catalyze the dissolution of 

plutonia. 
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7.7.2.2. Method 2: Considering non-ideal nature of particle during the reaction 

7.7.2.2.1. Introduction 

Similar to the data analysis carried out for the dissolution of UO2 pellets in section 5.10.V, 

the experimental data of the U, Pu MOX dissolution experiments were also analyzed 

considering the non-ideal nature of the particle during the reaction for the determinations 

of its kinetics. 

 

7.7.2.2.2. Model equations 

The shrinking particle model was invoked by including the interaction of chemical 

reaction and diffusion together.  Model equations were derived in the same way as that of 

UO2 and urania ceria MOX pellet dissolution.  As this is a MOX pellet, while deriving the 

rate equation, the reaction of ceria with nitric acid also needs to be considered.  Due to the 

presence of plutonium as an additional species here, we will be ending up with three rate 

equations unlike in the case of UO2 (where it was only 2), i.e. one each for predicting the 

concentration profile of nitric acid, uranyl ion and ceric ion in the solution as a function of 

time.  In this derivation, the subscript ‘A’, ‘B’ and ‘E’ were used respectively to denote 

nitric acid, uranyl ion and plutonyl ion respectively.  Here also the accessible surface area 

was taken into account and is denoted by A.  It is calculated as per equation 5.88 given in 

the section 5.10.c.v in the previous chapter.  The surface area (A) and the subscript ‘A’ 

denoting nitric acid (XA) are differentiated sufficiently all through the derivation. As the 

derivations are already explained in detail in section 5.10 of this thesis, the same is not 

repeated here.  The final rate equations for determining the concentration profiles of 

various species are given in the following equations. 

 

for nitric acid, A)CkvCk(v
dt

dC s
LAEAE

s
LABAB

A •+=  (7.18) 

For uranium, ACkv
dt

dC s
LABB

B •=  (7.19) 

For plutonium, ACkv
dt

dC s
LAEE

E •=  (7.20) 

 

The values for the stoichiometric coefficients used are vAB = 2.75, vAE = 4, vB = vE = 1. 
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The rate constants were estimated at different temperatures.  Comparison between 

experimental and calculated values of the concentration profiles of uranyl ion, ceric ion 

and bulk phase nitric acid were generated graphically as a function of time and are shown 

in the figures in the following section for various conditions as the cases may be. The 

temperature dependency of the dissolution rate is governed by the Arrhenius equation. 

Thus the plot of ln (k) vs 1/T gives a slope equal to (-Ea/R) from which the apparent 

activation energy of the dissolution reaction under the experimental conditions were 

estimated.  The best values of the rate constants were obtained by minimizing the 

objective function given in the following equation. 

 

( ) ( ) ( )
2n

1
EcalcEexp

2n

1
AbcalcAbexp

n

1

2
BcalcBexp CC*50CC*50CC*20f ∑∑∑ −+−+−=  (7.21) 

 

The comparison between the experimental and calculated concentration profiles using the 

model equations were given graphically in the following sections for various cases. 

 

The above model equations are applied for all the experimental data generated to study the 

effect of initial concentration of nitric acid, mixing rate (RPM) and temperature.  For each 

of the above experiment, model equations were used to determine the rate constants for 

two different situations namely the order with respect to nitric acid being 1 and 2. 

 

7.7.2.2.2.1. Case 1: Order w.r.t. nitric acid is 1 

 

The comparison between the experimental and the predicted concentration profiles of 

nitric acid, uranium and plutonium for the dissolution of U0.78Pu0.22O2 MOX pellets in 8 M 

nitric acid at 353 K, assuming order w.r.t. to nitric acid is unity were shown in Figures 

7.21 to 7.23. 
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Fig. 7.21. Comparison of experimental and calculated profiles of [U(VI)] at 353 K 

for U0.78Pu0.22O2 MOX pellet dissolution assuming 1st order w.r.t. HNO3 

 
 

Fig. 7.22. Comparison of experimental and calculated 1st order [HNO3] profiles at 

353 K for U0.78Pu0.22O2 MOX pellet dissolution 
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Fig. 7.23. Comparison of experimental and calculated profiles of [Ce(IV)] at 353 K 

for U0.78Ce0.22O2 MOX pellet dissolution assuming 1st order w.r.t. HNO3 

 
 

7.7.2.2.2.2. Case 2: Order w.r.t. nitric acid is 2 

Figures 7.24 to 7.26 shows the comparison between the experimental and the predicted 

concentration profiles of nitric acid, uranium and cerium for the dissolution of 

U0.78Ce0.22O2 MOX pellets in 8 M nitric acid at 353 K with the assumption that the order 

w.r.t. to nitric acid is two.  The experimental data only upto 60% of the dissolution was 

considered for modeling as beyond that the pellets crumbled and the value of the shape 

factor is no more a constant and changes very drastically. 

 

Fig. 7.24. Comparison of experimental and calculated profiles of [U(VI)] at 353 K 

for U0.78Ce0.22O2 MOX pellet dissolution assuming 2nd order w.r.t. HNO3 
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Fig. 7.25. Comparison of experimental and calculated 2nd order [HNO3] profiles at 

353 K for U0.78Ce0.22O2 MOX pellet dissolution 

 
 

Fig. 7.26. Comparison of experimental and calculated profiles of [Ce(IV)] at 353 K 

for U0.78Ce0.22O2 MOX pellet dissolution assuming 2nd order w.r.t. HNO3 

 
 

7.7.3 Conclusion on the modeling of simulated U, Pu MOX pellet dissolution 

The modeling of the experimental data on the dissolution of urania plutonia MOX pellets 

in nitric acid under various conditions of acidity, temperature and mixing rate were carried 

out in two different methods, viz. penetration based and surface area based methods, very 

similar to that for UO2 and urania ceria MOX pellets dissolution mentioned in the 

Chapters 5 and 6 respectively. 
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The model predictions were presented in section 7.7.2 which shows that the prediction of 

the concentration profiles to be fairly accurate in both the methods.  In the case of 

plutonium profiles predicted by the penetration method (section 7.7.2.1), the predicted 

profile was always higher than the actual when the catalytic effect of uranyl ion is 

considered5.  But when the catalytic effect of uranyl ion is neglected, the accuracy of the 

predicted profiles improved substantially, especially in the case of plutonium.  This 

suggests that the uranyl ion does not play any catalytic role during the dissolution process.  

This is the reason for the reduced accuracy of the model equations in method 1 when the 

catalytic effect of uranyl ion was considered. 

When it comes to the surface area based method, the accuracy of the model equations 

(equations 7.18 to 7.20) in predicting the concentration profiles of uranium, nitric acid and 

plutonium was found to be very good similar to the case of UO2 and urania ceria MOX 

pellets dissolution studies.  This is because, the experimental concentration profiles and 

the starting area of the pellet before dissolution are the input required for this method and 

since these parameters are fairly accurate, the method was found to be satisfactory.  

Ambiguity could arise only in the case of urania plutonia MOX pellet dissolution studies 

due to the lack of a suitable analytical equipment to measure the pellet surface area 

resulting in some errors.  Since the pellets used for the studies were dimensionally rejected 

due to surface chippings, the actual area would be higher than that calculated from the 

pellet dimensions.  It could also be noted that the predicted concentration profiles are 

almost the same irrespective of the order of the reaction with respect to nitric acid being 1 

or 2.  To sum up on the modeling of the urania-plutonia dissolution behaviour in nitric 

acid, it could be understood that both the methods used here describes the reaction fairly 

well.  But if one has to employ them for the realistic dissolution of spent fuel pellets, 

which would be more porous due to the gaseous fission products generated inside the 

pellet matrix, the former method (penetration based) would be superior.  This is due to the 

difficulty in measuring the starting surface area of these highly radioactive pellets which is 

the starting data required for the second method (surface area based). 

 

Finally it could be concluded based on the findings of the current work presented in 

Chapters five to seven that the experiments carried out as a part of this research thesis has 

generated the fundamental model equations required to predict the dissolution behaviour 

of a typical plutonium rich MOX nuclear fuel under PUREX process conditions.  The 
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findings reported in this thesis would also pave way for planning and carrying out more 

work in the future for studying the dissolution behaviour of irradiated fuel samples.  This 

would enable development of more accurate dissolution models and also would serve as a 

launching pad for understanding the dissolution process of irradiated nuclear fuel. 

 

7.8 Post justification of using cerium as a surrogate of plutonium in its MOX dissolution 

studies 

The experimental results of Chapter six and seven clearly indicate that the behaviour of 

simulated MOX pellets and the urania plutonia MOX pellets under similar conditions are 

comparable qualitatively.  The faster dissolution rates of these two types of fuel pellets 

when compared to urania pellets under similar conditions may be attributed to different 

reasons.  In the case of urania ceria MOX pellets, the fast dissolution rate was due to the 

fabrication procedure wherein the solids where formed directly from the homogenous 

solution leading to better solid solution formation during sintering.  In the case of urania 

plutonia MOX pellets, though the fabrication method was the same as that of the urania 

pellets, their densities were slightly lesser and also they had an annular hole in their centre 

which provided more area of contact between the pellet and acid.  Therefore they 

dissolved rapidly than their urania counterpart under similar conditions.  Based on all 

these experimental observations, it could be inferred and henceforth justify cerium as a 

good non-radioactive surrogate for plutonium under the conditions that prevailed during 

the dissolution experiments. 

 

7.9 Overall rate equation for the nuclear fuel dissolution process 

The dissolution model equations for the MOX pellets were developed by employing two 

different methods, namely penetration and surface area based.  The calculated 

concentration profiles are found to be more accurate in the case of penetration method 

than in the surface area based method.  This is because; the penetration method is based on 

the weight measurements which were done more accurately.  But in the case of surface 

area based method, due to the lack of a suitable facility to measure the surface area of the 

dissolving pellet containing plutonium, they were arrived based on the initial surface area 

measurement from the pellet dimensions.  It should be recollected at this point that all the 

fuel pellets employed in this study were dimensionally rejected since they had minor 

defects in the form of end chipping.  This leads to higher surface area of the pellets that are 
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not accounted for when the surface area of the pellet was calculated from its dimensions 

assuming ideal geometry.  Therefore it could be concluded from the current work that the 

model equations based on the penetration method given in equations 7.12 to 7.16 

correlates to the experimental values better.  In the future when equipments were made 

available for the accurate measurement of surface area for radioactive pellets, the surface 

area based dissolution model equations give in equations 7.18 to 7.20 would also predict 

the dissolution behaviour of MOX pellets more accurately. 
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CHAPTER 8. Conclusion and scope for future work 
 

8.1. Summary of the findings of the current work 

Various experimental studies have been carried out as a part of the present work for 

evaluating the dissolution kinetics of plutonium rich FBR driver fuel in nitric acid.  Due to 

the complexities and safety requirements involved in handling plutonium based nuclear 

fuel, a systematic approach was undertaken by first studying the dissolution kinetics of 

urania followed by urania ceria MOX fuel with cerium acting as a non-radioactive 

surrogate for plutonium.  The results obtained for these two types of fuel pellets paved 

way for better designing of experimental techniques, equipments and modeling procedures 

in thorough understanding of the dissolution behaviour of urania plutonia MOX pellets. 

 

8.1.1 Major findings of UO2 fuel pellet dissolution studies in nitric acid 

The following are the major findings with respect to urania fuel dissolution behaviour 

under typical PUREX process conditions based on the current work. 

1) The dissolution of UO2 in nitric acid medium under typical PUREX process 

condition is chemical reaction controlled with the activation energy typically of 

the order of 90 kJ/mol 

2) Sodium hydroxide scrubbers coupled with ion chromatography is a simple and 

efficient technique to determine the composition of the NOX gases evolved 

during the dissolution of UO2 fuel in nitric acid. 

3) From the concentration profiles of the NOX gases in the off-gas stream and 

nitrous acid in the bulk liquid evolved during dissolution, the mechanism for the 

dissolution of UO2 fuel under typical PUREX process condition was 

determined. 

4) Nitrous acid plays an autocatalytic role during the dissolution of UO2 fuel in 

nitric acid.  Thus due to the dispersion of nitrous acid away from the pellet-

nitric acid interface under agitated condition, retards the rate of dissolution of 

UO2 pellets proportionately. 

5) Shrinking particle model explains the dissolution behaviour of UO2 fuel in nitric 

acid satisfactorily.  The model equations developed based on this method with 

diffusion effects coupled with chemical reaction predicts the concentration 

profiles of all the important reactant and product species accurately. 
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6) Since agitation of the dissolving mixture is essential to improve the effective 

surface area of the pellets, addition of NO2 gas into the reaction mixture is a 

simple and easy way to improve the dissolution kinetics of UO2 spent fuel in 

nitric acid.  This would also lead to better production rates in thermal reactor 

fuel reprocessing plants. 

7) The order of the reaction with respect to nitric acid, rate constant and the 

validated model rate equations developed in the present work would be useful 

tools in designing a continuous dissolution system for processing urania based 

nuclear fuels. 

 

8.1.2 Major findings of simulated MOX fuel pellet dissolution studies in nitric acid 

The following are the major findings with respect to urania ceria MOX fuel dissolution 

behaviour under typical PUREX process conditions based on the current work. 

1) Method of fabrication of the MOX pellets influences their dissolution behaviour 

in nitric acid to a great extent. 

2) Addition of cerium to urania during the fabrication of urania ceria MOX pellets 

renders the pellet more difficult to dissolve under typical Purex process 

conditions. 

3) The composition of cerium in the pellets is inversely related to the rate of 

dissolution of the MOX pellets in nitric acid. 

4) Both the penetration and surface area dissolution model equations based on 

shrinking particle theory explains the dissolution behaviour of urania ceria 

MOX pellets satisfactorily. 

 

8.1.3 Major findings of U, Pu MOX fuel pellet dissolution studies in nitric acid 

The following are the major findings with respect to urania plutonia MOX fuel dissolution 

behaviour under typical PUREX process conditions based on the current work. 

1) The qualitative dissolution behaviour of urania plutonia MOX pellets in nitric 

acid is comparable to that of its urania ceria counterpart of same composition. 

2) Thus the choice of cerium as a non-radioactive surrogate of plutonium for 

studying the dissolution behaviour of MOX pellets in nitric acid is justified. 

3) Though the presence of nitrous acid does not chemically alter the dissolution 

rate of plutonia directly, it increases the rate indirectly by catalytically 
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dissolving urania faster and thereby making the pellet more porous.  This leads 

to better contact between the dissolving pellet and nitric acid enabling faster 

dissolution of the rest of the pellet. 

4) The penetration based dissolution model equations coupled with shrinking 

particle theory predicts the concentration profiles of the various species 

involved in the reaction more accurately than the surface area based method. 

5) The lack of a suitable analytical system presently for the surface area 

measurement equipment of radioactive samples is the reason for the reduced 

accuracy of the surface area based model equations in predicting the dissolution 

behaviour of urania plutonia MOX fuel dissolution in nitric acid medium. 

6) The order of the reaction with respect to nitric acid, rate constant and the 

validated model rate equations developed for the dissolution of urania plutonia 

MOX fuel would be useful tools in designing a continuous dissolution system 

for FBR fuel reprocessing plants. 

 

8.2. Scope for future work 

 

8.2.1 Surface area measurement for radioactive samples 

The surface area of the dissolving pellets is an important parameter which influences the 

rate of its dissolution as explained in this thesis.  For the studies on the MOX fuel 

dissolution, due to lack of a suitable analytical facility to measure the surface area of 

plutonium based pellets, only its initial surface area calculated from its dimensions were 

used.  Thus there is a plenty of scope in setting up a facility for measuring the surface area 

of radioactive solids which will facilitate the measurement of surface area of any 

radioactive solid during the course of its dissolution accurately.  This data would improve 

the accuracy of the model equation which would auger well for designing a continuous 

dissolver more efficiently. 

The results of the MOX pellet dissolution clearly brings out the preferential leaching of 

UO2 over PuO2 in spite of the fact that the MOX pellets are complete solid solutions of 

urania and plutonia.  This is a classic example for the sluggish behaviour of plutonia 

towards dissolution in nitric acid.  Measure of surface area of the dissolving pellet without 

any ambiguity would go a long way in understanding the influence of lattice collapse 

mechanism during dissolution of urania and plutonia which could help in fine tuning the 
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understanding and prediction of the MOX pellet dissolution in nitric acid. 

 

8.2.2 Dissolution experiments on radioactive spent fuel samples 

All the experiments carried out as a part of the present work employed only unirradiated 

pellets.  Since the irradiated pellets are expected to dissolve rapidly due to its higher 

porosity caused by the diffusion of the gaseous fission products produced inside its matrix 

during irradiation, the prediction based on the current model equations would be more 

conservative than the actual spent fuel dissolution.  Hence for improving the model 

equations developed through the current work, dissolution experiments are required to be 

carried out using irradiated fuel samples under typical PUREX process conditions.  As this 

requires dedicated shielded facility with provisions for sampling and remote analysis, this 

could be an important work to be carried out in the future. 

 

8.2.3 Dissolution of MOX fuel with varying plutonium composition 

The effect of plutonium composition on the dissolution behaviour of MOX pellets in nitric 

acid could only be qualitatively predicted based on the dissolution behaviour of simulated 

urania ceria MOX pellets.  Hence for studying the quantitative effect of plutonium 

composition on the MOX fuel dissolution kinetics, MOX pellets with varying plutonium 

compositions are required.  Such pellets are currently unavailable as it requires special 

facilities for their fabrication.  Thus it becomes an important and necessary work for the 

future to determine the existence of any unusual dissolution behaviour of MOX pellets 

with varied plutonium compositions before and after irradiation.  These studies would lead 

to the development of the continuous dissolution process system which is the need of the 

hour for designing energy efficient, high throughput and safer FBR fuel reprocessing 

plants. 
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CHAPTER 9. Appendix 
 

9.1. Derivation of rate equations for the modelling of UO2 dissolution reaction by 

penetration method 

 

The reactions between UO2 and ions in the nitric acid solution under typical PUREX 

process conditions are as follows 

 

( ) OHaqHNOUOUONO3H 22
2
2

hk
23 ++→++ +−+  1 

( ) ( ) O2Hgas2NOUOUO2Haq2HNO 2
2
2

nk
22 ++→++ ++  2 

( ) OHaqHNO2UOUOUONO3H 22
2
2

ck
2

2
23 ++→+++ ++−+  3 

 

In this method, dissolution model is expressed by a two-step scheme as given below 

 

Wue  → pk
 We →  Wd  4 

 

Where Wue is the unexposed mass of fuel, We is the exposed mass and Wd the dissolved 

mass. 

The first process in the above equation is the penetration process and its rate may be 

proportional to the concentration of nitric acid in the solution and the exposed mass of fuel 

(We). The second process is considered as the chemical reaction. 

Therefore the rate of consumption of Wue is given as follows. 

 

[ ] ue3p
ue WHNOk

dt
dW

−=  5 

 

Considering equations 1-3, we get the following mass balance equations 

 
[ ] [ ] [ ][ ] [ ][ ][ ] [ ] [ ]2UO2
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 9 

 

At a mixing rate of 600 RPM the concentration of nitrous acid in the bulk of the reaction 

mixture is high.  Hence at the pellet solution interface it can be assumed to be very less.  

Therefore applying steady state approximation of nitrous acid and taking its concentration 

to be very minimal, we have 

 
[ ] 0

dt
2HNOd

=  10 

 

Substituting this value in equation 8 and rearranging, we get 

 

[ ] n/2k]2
2[UOckhk2HNO 





 ++=  11 

 

Substituting equation 11 in equation 6, we get 
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2UO3HNOck2UO3HNOhkueW3HNOpk

dt
2UOd





 +−−=

          

 [ ][ ] )n])/2k2
2[UOckh((k2UO3HNOnk ++−  

12 

 

On rearranging the above equation kn gets eliminated and we get 

 

[ ] [ ] [ ][ ] [ ] [ ]




 ++−= 2UO]2

2[UO3HNOck2UO3HNOhk1.5ueW3HNOpk
dt

2UOd  13 

 

Similarly substituting eqn. 11 in eqns. 7 and 9 and rearranging them, we get 

 

[ ] [ ][ ] [ ] [ ]











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2UO3HNOck2UO3HNOhk4
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3HNOd
 14 
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

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2UO2
2UO3HNOck2UO3HNOhk1.5
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2
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Hence final rate equations that are required to be solved are 
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ue WHNOk

dt
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−=  I 
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
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Where 




 −1V2UOM  is molar concentration of UO2. 

These are the rate equations given in section 5.10.3.1 of the thesis. 

In section 5.10.3.1.2 wherein the effect of nitrous acid is neglected as the reactions were 

carried out at a sufficiently high mixing rate of 600 RPM during which the concentration 

of nitrous acid at the pellet solution interface would be negligible to accelerate the 

reaction.  In this case, the stoichiometric reaction given in equation 2 is neglected.  Similar 

derivation is carried out considering only equations 1 and 3 to arrive at the following rate 

equations. 
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uedW
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9.2. Derivations of rate equations for simulated MOX fuel dissolution studies by 

penetration method 

Similar to that of UO2 fuel dissolution, derivations were also carried out for simulated 

urania ceria MOX dissolution studies.  In this case, there would be one additional 

stoichiometric reaction to be considered for the dissolution of ceria in nitric acid.  Hence 

correspondingly there would be one more rate equation derived additionally for modelling 

the concentration profile of cerium. 

The stoichiometric reactions considered for this derivation are as follows. 

( ) OHaqHNOUOUONO3H 22
2
2

hk
23 ++→++ +−+  16 

( ) ( ) O2Hgas2NOUOUO2Haq2HNO 2
2
2

nk
22 ++→++ ++  17 

( ) OHaqHNO2UOUOUONO3H 22
2
2

ck
2

2
23 ++→+++ ++−+  18 

( ) O2HNOCe4HNOCeO 243
cek

32 + →+  19 

 

Similar to the case of UO2 fuel dissolution, in this case also, the rate equations are derived 

by writing down the mass balance equations using the above stoichiometric reactions.  The 

final rate equations after derivation are given as follows which is the same as in section 

6.9.2.1.1.  
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Here M corresponds to the molecular weight of the simulated MOX fuel with its 

appropriate chemical composition. 

239 
 



For deriving the rate equations neglecting the catalytic effect of uranyl ion, the reaction 

given in equation 18 of this appendix is not considered.  Similar methodology to that of 

UO2 fuel was adopted for deriving the rate equations of simulated MOX fuel dissolution 

whose final form is given as below.  These are same as the equations 6.12 to 6.16 in 

section 6.9.2.1.2 of this thesis 

 

[ ] ue3p
ue WHNOk

dt
dW
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[ ] [ ] [ ]( ) e
2
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2

3hue3p
e WHNOkHNOkWHNOk

dt
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dt
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342
333  XVIII 

 

In the case of urania plutonia MOX fuel dissolution studies, the rate equations are derived 

in the same way with Pu/Pu4+ in place of Ce/Ce4+ respectively. 

 

9.3. Derivations of rate equations for urania-plutonia MOX fuel dissolution studies 

by penetration method 

The derivation of the rate equations for (U, Pu) MOX fuel by penetration based method is 

very similar to that of simulated MOX fuel.  Instead of Ce, it should be replaced by Pu and 

for kCe by kPu.  Thus the chemical reactions to be considered for this derivation would be 

as follows. 

 

( ) OHaqHNOUOUONO3H 22
2
2

hk
23 ++→++ +−+  16 

( ) ( ) O2Hgas2NOUOUO2Haq2HNO 2
2
2

nk
22 ++→++ ++  17 

( ) OHaqHNO2UOUOUONO3H 22
2
2

ck
2

2
23 ++→+++ ++−+  18 

( ) O22H43NOPuPuk
34HNO2PuO + →+  19 

These are the equations 7.2 to 7.5 given in chapter seven of the thesis. 
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The rate equations derived by writing down the mass balance equations from the above set 

of balanced stoichiometric equations are as follows when a steady state approach was 

considered for nitrous acid. 

 

[ ] ue3p
ue WHNOk

dt
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During the experiments on the dissolution kinetics of (U, Pu) MOX fuels in nitric acid, it 

was found that uranyl ion was not found to accelerate the dissolution process.  Hence the 

rate equations derived from equations 16-19 neglected equations 18 (catalytic effect of 

uranyl ion) would be as follows. 
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