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Uranium dioxide has been used in industry both as a fuel for power reactors and as a 

target for the production of radioisotopes. One of the most important radioisotopes 

produced using these targets is molybdenum-99 (Mo-99, 65.94hr half-life), which is the 

parent isotope to technetium-99m (Tc-99m, 6.01hr half-life), a radioisotope used in 70% 

of diagnostic medical isotope procedures performed in the United States of America. [1] 

[2] Molybdenum-99, produced by either the thermal neutron fission of uranium-235 in 

nuclear reactors or by neutron activation of molybdenum-98, is purified, packaged, and 

shipped to hospitals worldwide. The maximal activity of Tc-99m is reached in 22.9hrs, so 

it can be milked from the parent Mo-99 repeatedly. 

Mo-99 is one of many fission products generated during the thermal neutron fission of 

uranium-235. For production of Mo-99, irradiation targets based on metallic uranium, 

uranium alloys, or uranium dioxide are produced. After neutron irradiation in a reactor, 

the uranium target must first be dissolved in a suitable medium. This has traditionally 

been done using boiling nitric acid solutions. In literature and in industry, the use of 

alkaline solutions, specifically carbonate salt solutions combined with hydrogen 

peroxide, are being explored as an alternative to the nitric acid based dissolution process. 

The carbonate-peroxide dissolution scheme has several advantages over traditional nitric 

acid dissolutions including less damage to equipment during operation and smaller 

volumes of waste produced during process.  

 This thesis research work explores the initial dissolution rates of uranium dioxide in 

carbonate medium containing hydrogen peroxide. Effect of three different counter 



 

 

cations- ammonium, sodium, and potassium - on the dissolution behavior of uranium was 

investigated.  The kinetic factors of dissolution, activation energy, frequency factor, and 

reaction order with respect to both the carbonate salt and hydrogen peroxide were found 

for each of these systems. Information in this thesis is organized into six chapters and list 

of cited literature sources.  
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Dissolution of Uranium Dioxide Microspheres in Carbonate and 

Hydrogen Peroxide Solutions 

1 Introduction 

 

1.1 Molybdenum-99 and Technetium-99m 

 Technetium-99m (Tc-99m) is a metastable isotope of technetium that is used in 

approximately 70% of diagnostic medical isotope procedures performed in both the 

United States of America and world-wide. [1] [2] It is used in a range of examinations 

including brain, bone, kidney and thyroid exams. 

The wide range of applications comes from the chemical properties of technetium 

and radioactive properties of Tc-99m. First, technetium is a transition metal which can be 

relatively easily conjugated to a range of organic molecules which are suitable carriers of 

technetium into the explored organs for their nuclear diagnostic imaging.  Selection of 

molecules for radiolabeling is very important for targeted delivery of technetium to the 

desired organ. Secondly, it emits a 140keV gamma-ray during its decay process. This 

photon can penetrate through the body sufficiently enough that attenuation through the 

body is minimal and it is relatively simple to localize and image using a gamma camera. 

Third, with its short biological half-life (1.9 days
1
), the whole body effective half-life of 

Tc-99m is only 5.3 hours. This means that half of the administrated Tc-99m is already 

decayed and/or removed from body within 6 hours. [3] [4]  This allows medical 

personnel can administer a dose for a procedure and release the patient safely from the 

hospital after a reasonably short period of time. Finally, the Tc-99m decay product, the 

long-lived Tc-99, has a 214,000 year half-life. Thus, on the human scale it is stable. 

                                                 
1
 The biological retention function of pertechnetate in humans can be approximated as a single exponential 

with a half-life of 1.9 days but is better described as the sum of three exponential functions with fractions 

of 76%, 19%, and 5% of the total pertechnetate decaying with half-lives of 1.6 days, 3.7 days, and 22 days 

respectively. 



2 

 

Further there is an enormous difference in their decay constants, such that Tc-99 will 

have about 3 billionths of the activity of the original injection of Tc-99m into the patient. 

Activities of Tc-99m used for nuclear medicine imaging studies are typically 30mCi of 

Tc-99m per injection; this corresponds to about 0.12Bq or 1.2nCi of activity of Tc-99. [1]  

 Since Tc-99m only has a physical half-life of 6.01 hours, it is impractical and 

sometimes impossible to store it in larger amounts or ship across the nation. Instead, it is 

delivered to hospitals in the form of radiochemical generators where Tc-99m is generated 

from its parent radionuclide Mo-99 directly on the site of application. These medical 

generators of Tc-99m are based on ion-exchange separation of the parent/daughter 

nuclides.  The Tc-99m generator contains the parent radioisotope Mo-99 (in the form of 

molybdate ion) adsorbed onto the head of a small column filled with Al2O3 (aluminum 

oxide, or alumina).  Technetium-99m is produced by the beta decay of Mo-99 (simplified 

scheme):
 
 

98Mo →  99m Tc  →  99Tc  →  99Ru (stable)                                     (1) 

The Tc-99m, (in the form of pertechnetate ion) is eluted from the column with a saline 

solution, while the Mo-99 is retained on the column
2
, and remains a useful source to 

generate Tc-99m with repeated elution. In practice it means that these generators, based 

on the short-lived Mo-99 (65.94 hours), cannot be stored for long periods and should be 

replaced weekly. This places a heavy burden on the supply-chain of Mo-99. [1] [2] 

 Mo-99 is currently produced using highly enriched uranium (HEU) targets. 

Naturally occurring uranium contains about 0.7% by weight uranium-235 (U-235) and 

99.3% by weight uranium-238 (U-238) in addition to trace amounts of other uranium 

isotopes. HEU is defined as uranium which has been enriched in the isotope U-235 in 

equal to or greater than 20% by weight. Low enriched uranium (LEU) is any uranium 

which has been enriched but has a concentration of U-235 of less than 20%. Depleted 

                                                 
2
 This system is often referred to as a “cow” that can be “milked” to generate Tc-99m.  Systems of this type 

are available commercially and are common in hospitals. 
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uranium is the excess uranium after enrichment, which has less than 0.7% by weight U-

235. Mo-99, including all of the extremely short-lived parent isotopes, has a cumulative 

fission yield of 6.11%. [2] [5] While this yield is very high for a fission product, it is 

much lower than would be desired for an industrial process. This low yield means that the 

concentration of U-235 needs to be high in the uranium target to produce a useful 

quantity of Mo-99, requiring the use of HEU. All HEU targets made in the U.S.A. for 

Mo-99 production have an enrichment of 93% by weight U-235. This HEU was 

originally manufactured for weapons production but has been since been repurposed. The 

use of 93% U-235 HEU presents considerable security risks as it makes an attractive 

target for terrorists or rogue states for use in improvised nuclear weapons. The risk is 

compounded by the fact that no Mo-99 is commercially produced for medical use in the 

United States and the HEU must be exported to other nations. [1] For this reason, the 

U.S. Global Threat Reduction Initiative is offering incentives to switch from HEU to 

LEU for radioisotope production. [6] The switch to LEU targets has required the 

development of novel irradiation setups and extraction schema, including dissolution of 

targets for chemical separation of molybdenum from the parent uranium and other fission 

products. 

 Presently, Mo-99 production world-wide is limited to only a few facilities. The 

majority of Mo-99 used for medical applications is produced by just four companies: 

MDS in Canada produces 38% of the world supply, Tyco Healthcare in the Netherlands 

produces 26% of the world supply, and IRE in Belgium and NTP in South Africa each 

produce 16%. The other 4% of the Mo-99 supply is produced by minor entities. [1] [7] 

Molybdenum-99 production, taking place in only a handful of aging reactors originally 

designed as research or test facilities, is very susceptible to interruption. In 2007, the 

Atomic Energy of Canada Limited (AECL) shut down the NRU reactor used by MDS in 

Canada for Mo-99 production for a routine, 5-day inspection. Unfortunately, the 

inspectors found that the NRU was not in compliance and was running without upgraded 

emergency backup power for its cooling pumps. While the facility was only shut down 

for about a month (Nov. 18
th

, 2007 to Dec. 16
th

, 2007) it caused shortages of Mo-99 in 
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both the United States and Canada. As a result of this and other interruptions, the United 

States is taking steps to encourage domestic production of Mo-99. [1]  Oregon State 

University (OSU) is currently developing its own program for the production of Mo-99 

using the TRIGA Mk. II Research Reactor in the OSU Radiation Center. 
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2 Goals 

 

In support of Oregon State University’s program to produce molybdenum-99 for 

medical purposes at the OSU TRIGA Mk. II Research Reactor (OSTR), we have outlined 

these research goals: 

 The uranium dioxide microspheres will be synthesized or acquired from a 

suitable manufacturer. 

  The initial dissolution rates of uranium dioxide microspheres in various 

carbonate-peroxide systems will be studied in three different carbonates: 

ammonium carbonate, sodium carbonate, and potassium carbonate.  

 Experiments will be performed at varying concentrations of carbonate and 

hydrogen peroxide at varying temperatures will be used to obtain reaction 

orders, activation energies, and frequency factors in each of these systems.  

 Experiments will also be performed to demonstrate the effect of surface area 

and particle size on the dissolution rate of uranium dioxide.  

These results will serve to aid in the creation of a chemical procedure for the 

dissolution of irradiated uranium targets aimed at the recovery of the molybdenum-99 

fission product.  Details of our research approach and results are discussed in the next 

chapters of this thesis. 
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3 Literature Review 

 

3.1 CARBEX and Carbonate Dissolution 

 Irradiated targets of LEU have to be processed to remove Mo-99. This requires 

the target to be dissolved and the Mo-99 to be chemically extracted from the resulting 

solution. While some research is pursuing the development of more advanced systems to 

dissolve the target in nitric acid, a great deal of interest has been formed around the use of 

alkaline systems to dissolve the irradiated targets. [6] One of these methods is the 

dissolution of the target in sodium hydroxide (NaOH). While this method is rapid enough 

for Mo-99 production, it produces a great deal of hydrogen gas that must be controlled 

and removed. [8] Another method being pursued is the carbonate extraction, or CARBEX 

process. This process has been proposed by researchers for both fuel reprocessing and 

target processing. [9] 

 The CARBEX process involves the dissolution of spent fuel or irradiated targets 

in an aqueous solution of carbonate and hydrogen peroxide. The carbonate counter-ion 

proposed varies between authors but the three most common counter-ions are 

ammonium, sodium, and potassium.  In a carbonate-peroxide solution, only a limited 

number of fission products are soluble. Only uranium, cesium, technetium, molybdenum, 

and tellurium are soluble in the system in large quantities. Most rare-earth metals, 

transuranics, and transition metals either precipitate out of solution after forming 

insoluble carbonate complexes or are insoluble. [9] [10] Uranium, along with other 

fission or activation products of interest, can be extracted either through precipitation, 

ion-exchange, or liquid-liquid extraction. [9] [10] [11] Beyond this selectiveness of 

dissolution, the CARBEX process has several other major advantages over the 

conventional plutonium extraction (PUREX) process. Firstly, by using alkaline solutions 

instead of nitric acid, the system is greatly simplified. There is no production of NO or 

NOx gases during dissolution, no corrosion or oxidation of equipment by nitric acid, 
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better fire and explosion safety because of the absence of organic solvents, no radiation-

induced solvent degradation, and fewer steps in the process. [9] [10] [11] [12] [13]  

Secondly, as the dissolutions are performed in basic solution at lower temperatures 

instead of the hot, concentrated nitric acid of the PUREX process, the normally volatile 

radioisotopes of iodine, bromine, ruthenium, and tritium remain in solution. [11] [13] 

Thirdly, it has a simplified waste stream due to the ability to clean the solvents from 

solution. Hydrogen peroxide can be removed from the system simply by heating. Sodium 

carbonate can be precipitated out of solution and recovered by bubbling carbon dioxide 

through the solution. If ammonium carbonate is used, it can be removed from system as 

well by simple heating. The ammonia and carbon dioxide produced by this heating can be 

captured and bubbled through water to regenerate used ammonium carbonate. [10] [11] 

[13] [14] This process and disposal advantages has made CARBEX a tantalizing process 

for future reprocessing facilities. Unfortunately, a number of gaps in the understanding of 

uranium dissolution in carbonate systems exist. This is discussed later in detail. 

3.2 The Rate Law and Arrhenius Equation 

 From a theoretical standpoint, all reaction kinetics follow the same general trends 

captured by the rate law. For a general reaction, 

     →                                    (2) 

the rate law says that the dissolution rate is governed by a rate constant multiplied by the 

concentrations of the two reactants raised to their respective reaction orders: 

      [ ] [ ]        (3) 

Where k is the rate constant, [A] is the concentration of chemical A, [B] is the 

concentration of chemical B, and m and n are the reaction orders with respect to chemical 

A and chemical B respectively. The total reaction order is the sum of the order of the 

individual chemicals. If the rate law is used to measure the rate of an elementary reaction 

where the reaction is not made up of smaller reactions, the order of each chemical is often 

an integer. It is noteworthy that the rate law given is for a chemical reaction which is not 
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dependent on the products of the reaction. For dissolution reactions, this is not strictly 

true as the reaction will reach equilibrium between the solid phase and the liquid phase as 

solubility of the solid is reached. For studying initial dissolution rates, however, this is an 

acceptable assumption. Furthermore, the rate law is only applicable to a reaction if the 

products of the reaction do not change. A change in reaction products will result, 

potentially, in a change in the rate constant and the reaction orders. [15] 

 The rate constant, k, is constant for a given reaction and temperature. Its 

dependence on temperature and reaction is given by the Arrhenius equation: 

     
  
          (4) 

Where A is frequency factor, Ea is the activation energy, R is the gas constant, and T is 

the absolute temperature of the solution. The frequency factor, A, is the product of the 

collision frequency and the orientation probability factor. It captures the probability that 

the reactants will collide and the probability that this collision will produce a reaction. It 

is important to consider both probabilities as reactants can collide without being oriented 

properly or with insufficient energy to produce a reaction. Temperature is important to 

the frequency factor not only because it affects the collision rate but also increases the 

average energy of each collision. The activation energy is the minimum collision energy 

which is required to cause a reaction. The lower the activation energy, the more 

dramatically the rate constant will change with a change in temperature. [15] 

3.3 Chemistry of dissolution of  UO2  

In general, the dissolution of uranium oxides in carbonate systems requires an 

oxidant. Tetravalent uranium is not soluble in carbonate solutions but hexavalent uranium 

is. An oxidant is used to oxidize the uranium into a hexavalent state. Uranium trioxide, as 

it is already hexavalent, does not need an oxidant to dissolve into the carbonate system. 

[16] Of these three uranium oxides, only uranium dioxide has been thoroughly studied in 

the carbonate/hydrogen peroxide solution. There are three major steps to the dissolution 

of uranium dioxide in this solution: the oxidation of the uranium dioxide surface 
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(equation 4), the coordination and complexation of the oxidized surface with the 

carbonate ions in solution (equation 5), and the formation of unstable uranyl peroxide-

carbonate complexes (equation 6). [10] [11] [17] [18] [19] [20] 

         →    
                  (5) 

   
       

  →    (   ) 
            (6) 

   (   ) 
         →    (   )   (  ) 

          (   )   
               (7) 

Where x = 0, 1, or 2. The uranyl peroxide-carbonate complexes have a greatly increased 

solubility of approximately 80 g/L. [21]  The production of hydrogen ions acidifies the 

solution, counteraction the production of hydroxide ions created in the initial surface 

oxidation. The uranyl peroxide-carbonate complexes eventually decompose to O2
2-

 and 

carbonate complexes. These O2
2-

 ions will further decompose into O2, consuming the 

hydrogen ions created in the formation of the complex (equation 7). [11] [18]  

   
      →      →                           (8) 

Uranium trioxide and triuranium octoxide have not been well studied in this system, 

partially because they are not especially relevant to the power industry. Their results for 

uranium trioxide are quite consistent in showing that it dissolves almost immediately in 

carbonate solutions – with and without hydrogen peroxide [16] [22] [23]. 

            
  →    (   ) 

                              (9) 

The dissolution behavior of triuranium octoxide (U3O8) is very close to that of uranium 

dioxide, though at a slightly faster initial dissolution rate [16] [23]. Smith and colleagues 

found that this particular uranium oxide did not dissolve completely. They suggest that 

this is because triuranium octoxide is resistant to oxidation in carbonate-peroxide 

solution. Their experiments were performed with 1M ammonium carbonate and 0.1M 

hydrogen peroxide. [16] Chung and colleagues found that U3O8 dissolves more rapidly 

than UO2 in the absence of peroxide but UO2 dissolves more rapidly than U3O8 when 

peroxide is added. Their experiments were performed in 0.02-0.200M sodium carbonate 
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and 0.5-3.0M hydrogen peroxide. [24] Steward and Mones found that UO3 dissolves 

more rapidly than U3O8 or UO2 and that the dissolution rates of U3O8 and UO2 were 

roughly the same. They performed their experiments in 2-200x10
-4

M carbonate and 8ppm 

dissolve oxygen. [25] When irradiated fuel or targets are dissolved, there is a possibility 

that the presence of noble metal fission products, insoluble in the carbonate system, could 

prevent the uranium from dissolving. Soderquist and colleagues (2011) reported results 

from the carbonate dissolution of irradiated fuel with burnup of 30, 45, and 60 

GWd/MTU. They observed a total dissolution by mass of 99.8%, 99.1%, and 98.1%, 

respectively for the three fuels. They suggested there was a possible burn up dependence 

but it is not significant for Mo-99 production. [11] 

3.4 Effect of Carbonate 

 

Aqueous chemistry of carbonic acid and carbonate ion is very complex as it is 

defined by pH of the solution. The carbonate ion (CO3
2-

) can be considered slightly 

alkaline as it reacts with acidic proton by forming the bicarbonate ion (HCO3
1-

), and its 

conjugated acid, carbonic acid. Under acidic conditions (~pH 4 or less), the carbonic acid 

decomposes into CO2 gas and water. With increasing pH, the bicarbonate ion dissociates 

into a carbonate ion and a hydrogen proton which is then captured by OH-group forming 

water. This pH-buffering behavior of bicarbonate/carbonate is very important in 

biochemistry, geochemistry and chemical processing. Carbonate salts and complexes are 

generally insoluble, with a few important exceptions including ammonium carbonate, the 

alkali metals, and uranyl-carbonate complexes. Ammonium carbonate and sodium 

carbonate are common household chemicals. Ammonium carbonate is also known under 

the name ‘baker’s ammonia’ while sodium carbonate is often used as a water softener. 

[26] 

 A variety of carbonate salts have been researched as possible candidates for 

carbonate dissolutions. These carbonate salts include sodium carbonate, ammonium 
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carbonate, potassium carbonate, lithium carbonate, magnesium carbonate, cesium 

carbonate, and rubidium carbonate. [16] [22] Of these, sodium and ammonium carbonate 

are by far the most studied. Smith and colleagues tested ammonium, potassium, sodium 

and rubidium carbonate and reported the dissolution rates between the carbonates were 

(NH4)2CO3 > K2CO3 ≥ Na2CO3 > Rb2CO3. [16]  However, Peper and colleagues reported 

Li2CO3 > Na2CO3 > K2CO3 > NH4CO3. Unfortunately, lithium carbonates’ low solubility 

of only ~0.18M means it is not able to compete with the other carbonates at higher 

concentrations. Peper and colleagues also found that Cs2CO3 yielded a gelatinous UO2 

dissolution product. [17] Scott and Glasser reported solubilities of Na2CO3 > (NH4)2CO2 

> Cs2CO3 ≥ K2CO3. This suggests some disagreement amongst scientists about whether 

sodium carbonate or ammonium carbonate out-performs the other or if they are 

equivalent. Despite this disagreement, sodium carbonate is more widely studied by a vast 

margin. This is partially because sodium carbonate and sodium bicarbonate are both more 

likely to occur in disposal scenarios. These phenomena often include hydrogen peroxide 

as well as a radiolytic product but both carbonate and peroxide concentrations are on the 

order of 10
-2

 M. [27] [28] [29] [30] [31] Other studies examined sodium carbonate 

dissolution of uranium dioxide in the absence of hydrogen peroxide at environmental 

concentrations. [20] [32] [33] [34] [35] [36] 

 Beyond these environmental concentrations, the effect of carbonate concentration 

has a significant effect on the dissolution rate of uranium oxides. Literature suggests the 

order of carbonate in the dissolution of uranium dioxide in a sodium carbonate and 

hydrogen peroxide system is 1. [31] In the absence of hydrogen peroxide, using only 

dissolved oxygen as an oxidant, studies suggest an order of 0.5 or 1. [19] [22] [33] [37] 

These latter studies suggest that the dissolution rate plateaus above 0.4M carbonate ion 

concentration. Zhou and colleagues also reports a reduction in final dissolution 

percentage with rising carbonate concentration. [37] This is repeated in experiments 

carried out with hydrogen peroxide. Peper and colleagues reported in 2004 that initial 

dissolution rate and percent carbonate dissolved after 15 minutes both began to drop with 

carbonate concentration over 0.5M in potassium carbonate and 0.7M H2O2. [17] Some 
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amount of disagreement exists in the literature regarding the order and solubility of 

uranium dioxide in carbonate and peroxide solutions. De Pablo and colleagues suggest 

that this is a result of the high dependence of the order on temperature. These researchers 

found that the order of carbonate in the reaction ranged between 0.57±0.04 to 1.05±0.04 

between 10°C and 60°C. Note that De Pablo and colleagues’ studies were performed in 

the absence of an oxidant and thus this data is not necessarily relevant to the peroxide 

containing system. [33] 

3.5 Effect of Hydrogen Peroxide 

Hydrogen peroxide is one of the simplest forms of the peroxide ion. In its pure 

form, hydrogen peroxide has a boiling point slightly lower than water and explosively 

boils at 150°C. It exothermically decomposes into oxygen and water (ΔH = 907 kJ/mol). 

Hydrogen peroxide, or more specifically the peroxide ion, serves as a strong oxidizing 

agent. It is also fairly inexpensive and usually sold in 30% hydrogen peroxide bottles. 

Using lower concentrations is mostly a safety measure as pure hydrogen peroxide is 

exceptionally dangerous. Hydrogen peroxide decomposition is strongly dependent on 

temperature and pH. For this reason, hydrogen peroxide stocks are often stored at low 

temperatures and at pH 5. [38] [39] 

 Rates of dissolution without an added oxidant are extremely slow. Peper and 

colleagues reports that in the absence of an oxidant that even after several hours of 

dissolution, no significant amount of uranium dissolution had occurred. [17] It has been 

reported in literature that, while heavily dependent on oxygen pressure, the dissolution 

rate can be as low as 10
-11

 mol·m
-2

·s
-1

. [19] [33] While this is relevant for considerations 

regarding permanent disposal of spent fuel, it is not particularly interesting for CARBEX 

or target dissolution. In the presence of an oxidant, however, this rate is much higher. 

Hydrogen peroxide is by far the most studied oxidant, with anodic dissolution and 

dissolved oxygen used as an oxidant in only a handful of studies. [20] [32] [35] Peper and 

colleagues considered potassium persulfate, sodium hypochlorite, and ozone as well but 

reported that hydrogen peroxide provided a much higher dissolution rate. These were all 
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studied at a concentration of 0.1M because potassium persulfate’s solubility limits it 

below 0.3M. [17] 

 The effects of the concentration of hydrogen peroxide on the dissolution of 

uranium dioxide have been studied both with and without the presence of carbonates. In 

the absence of carbonates, the rate is found to be first order with respect to hydrogen 

peroxide below 10
-4

M. Above this concentration, it begins to plateau. [30] Ekeroth and 

Jonsson found this was true at higher peroxide concentrations, 3-9mM, with very small 

amounts of uranium dioxide. They reported that the reaction was 1
st
 order with respect to 

hydrogen peroxide with between 40-200mg in 18mL of solution but became 0
th

 order 

with 20mg. Once sodium carbonate was added to solution, however, the reaction was 1
st
 

order with respect to hydrogen peroxide at all masses of uranium dioxide. [27] In 

ammonium carbonate, there is a disagreement over the order of hydrogen peroxide. Smith 

and colleagues reported that the dissolution rate increased linearly with a slope of 2.41 

with hydrogen peroxide concentration in 1M ammonium carbonate for peroxide 

concentrations between 0.05M and 2M. [16] Hiskey, however, reported in 1980 that the 

order of hydrogen peroxide was 0.5 in 0.5M ammonium carbonate for concentrations 

between 0.009 and 0.220M. [31] In still different results, Peper and colleagues found in 

2004 that the dissolution rate reached a plateau above 0.9M hydrogen peroxide in 0.5M 

sodium carbonate. They did not report and order for hydrogen peroxide between 0 and 

0.9M. [17] Peper and colleagues’ work, along with the data from Ekeroth and Jonsson 

seem to suggest some importance of the uranium-to-peroxide mole ratio. This is 

mentioned at the end of Peper and colleagues’ work but not expanded upon. Hydrogen 

peroxide consumption in all of these experiments is much higher than suggested by 

stoichiometric estimates. This is partially due to the consumption of hydrogen peroxide 

by unstable uranyl peroxide-carbonate complexes but also due to the catalytic 

decomposition of hydrogen peroxide at the uranium dioxide surface, the formation of 

more complex surface oxides, and decomposition at elevated temperatures and pH. [11] 

[24] [28] 
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Hydrogen peroxide has solubility advantages as well, as mentioned above, due to 

the formation of uranyl peroxide-carbonate complexes. These unstable complexes have 

variable half-lives depending on the temperature and species and range between hours to 

weeks. The activation energy of this decomposition was measured by Kim and colleagues 

in 2012 to be 7.144 kJ/mol meaning the decomposition is highly dependent on 

temperature. [21] Which species of uranium peroxide-carbonate is dominant is dependent 

both on pH and hydrogen peroxide concentration. At pH 8.90 and at environmental 

concentrations of carbonate and peroxide, the dominant species is [(UO2)2(O2)2(CO3)]
2- 

 

with a small amount of [UO2(CO3)3]
4-

 present in addition to [(UO2)2(O2)(CO3)2]
2-

 and 

[UO2(O2)(CO3)2]
4-

. Below about pH 7.5, [(UO2)2(O2)(CO3)2]
2-

 becomes dominant. [40] In 

solutions containing much higher concentrations of hydrogen peroxide, it is expected that 

the uranyl tricarbonate complex would be fully complexed with peroxide. 

3.6 Effect of Temperature 

 Temperature of dependence of the system is reflected in the activation energy 

captured by the Arrhenius equation introduced earlier. The temperature dependence of 

the dissolution of uranium oxides in carbonate and peroxide solutions has not been well 

studied. Casas and colleagues reported the activation energy of dissolution of uranium 

dioxide in sodium bicarbonate and hydrogen peroxide as 40±11 kJ/mol. The 

concentration of both sodium bicarbonate and hydrogen peroxide were at environmental 

concentrations of less than 10
-3

M. [34] There is some additional information on the 

dissolution of uranium dioxide in sodium carbonate in the absence of hydrogen peroxide. 

De Pablo and colleagues reported the activation energy of dissolution in 1-50mM sodium 

bicarbonate with dissolved oxygen at 63 kJ/mol. [33] Hiskey reported activation energies 

of 42.9 and 46.5 kJ/mol in ammonium carbonate at 1.0 and 7.9 atm of oxygen pressure 

respectively. [19] Scott and Glass reported the activation energy of β-UO3 in 0.6M 

sodium bicarbonate as 16.0 kcal/mol or 66.944 kJ/mol. They also reported the activation 

energy in 0.3M sodium bicarbonate and 0.3M sodium carbonate as 14.5 kcal/mol or 

60.668 kJ/mol. [22] Finally, Preez and colleagues reported an activation energy of 51.1 
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kJ/mol in 4% sodium carbonate and 1.5% sodium bicarbonate using potassium cyanide as 

an oxidant. 

3.7 Effect of pH 

The concentration of hydrogen ions has been shown in literature to have an effect on 

the dissolution. Most significant of these effects is the speciation of the uranyl-complexes 

in solution. The speciation of uranyl peroxide-carbonate complexes has been discussed 

above. In the absence of hydrogen peroxide, the uranyl-carbonate complex present is also 

dependent on pH. Götz and colleagues studied this in detail in 2011.They found that, 

above pH 7, the species is UO2(CO3)3
4-

 between 283 and 298°K. From 313 to 333°K, the 

species changes to UO2(CO3)2
2-

. For pH 8-11, however, the species remains UO2(CO3)3
4-

 

from 283 to 333°K. [36] They did not investigate at higher or lower temperatures. 

Konstantinou and Pashalidis report similar speciation in their study of uranium in 

seawater. [41] This is consistent with the findings by Zanonato and colleagues mentioned 

in the hydrogen peroxide section above in regards to uranyl peroxide-carbonate 

complexes. While they performed their experiments in peroxide systems, they still had a 

small amount of UO2(CO3)3
4-

 present around pH 9. Zanonato and colleagues also suggest 

that above pH 10.5 and in the absence of hydrogen peroxide, there is an in growth of 

UO2(O2)(OH)
-
 and UO2(OH)3

-
 in the system. [40] Zanonato and colleagues do not report 

speciation below pH 6 but, in the absence of hydrogen peroxide, Götz and colleagues 

report the formation of UO2(CO3)(aq) at pH 5-6 between 283 and 298°K and 

(UO2)3(OH)5
+
 from 313 to 333°K. Below pH 4.3, the only species Götz and colleagues 

reported was UO2
2+

 - the uranyl ion. [36] The presence of UO2(CO3)(aq) and 

(UO2)3(OH)5
+ 

 have very negative effects on the solubility of uranium in solution. If a 

solution containing carbonate ions and hydrogen peroxide of pH 7-11 is acidified using 

nitric acid, the solubility dramatically drops to ~25 g/L at pH 6 then to 2 g/L at pH 5 

before reaching very close to zero by pH 4. [10] This uranium precipitates out of solution 

as the powdery pale yellow solid UO2(O2)·4H2O. It is also reported in literature the 

solubility falls dramatically above pH 11 to ~3 g/L at pH 13. [42] Between pH 9 and 
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10.5, the dissolution rate is only weakly dependent on pH in carbonate and peroxide 

systems, increases slightly. [22] [31] [37] Above pH 10.5, however, the dissolution rate 

begins to drop off dramatically. [31] This is consistent with the falling solubility of the 

uranyl peroxide-carbonate complexes seen at these higher pHs. In ammonium carbonate 

solutions acidified by nitric acid, the carbonate will instead precipitate as the bright 

yellow solid ammonium uranyl carbonate (AUC). [43] 

3.8 Uranium  Peroxides and Carbonates in UV-Vis Spectrophotometry 

 

Spectrophotometry is the measurement of the absorption of chemical elements or their 

compounds to determine their properties or concentration. A beam of photons, either 

multi-wavelength or single wavelength, is shone through a liquid sample. As the photons 

interact with the solution, atoms and molecules will absorb photons of energies that 

correspond to the excitation energy of electron shells and bonds. The attenuated beam is 

then measured to determine which energies have been absorbed. This is used to create a 

spectrum of absorbance versus wavelength. The shape of the curve is reflective of some 

of the chemical structure and speciation of metals within the sample. [15] [44] The 

absorbance at a particular wavelength is calculated as the logarithm of the intensity of the 

unattenuated beam at a wavelength divided by the intensity of the attenuated beam at the 

same wavelength. This is equal to the negative log of the transmission:  

   o 
  

 
    o  .                    (10) 

The Beer-Lambert Law states that this absorption is the product of the extinction 

coefficient or molar absorptivity, ε, the concentration, c, and the path length of the light 

through the solution, l. This gives the relation 

      .                   (11) 

It then follows that the transmission, T, is 10 to the negative power of εcl: 

                  (12) 
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The extinction coefficient varies by wavelength but, if known, can be used to determine 

the concentration of a molecule or metal in solution. As the absorption of each molecule 

is independent of every other absorbing molecule in solution, the total absorbance of a 

solution containing a mixture of molecules is simply the sum of the absorbance at each 

wavelength, individual spectrum can then be deconvoluted if their shape is known. [45] 

 The absorbance spectrum of uranyl in solution is completely different between 

solutions containing hydrogen peroxide and solutions that do not. Without hydrogen 

peroxide, uranyl carbonate complexes have a spectrum similar to the uranyl ion in acidic 

solutions. The peaks are more pronounced than in acidic solutions and are also shifted to 

a higher wavelength. [17] [21] [36] Götz and colleagues demonstrated that the spectrum 

of UO2(CO3)2
2-

 is shifted slightly higher than the spectrum of UO2(CO3)3
4-

. [36] Overall, 

however, it seems that uranyl dominates the spectrum. In the presence of hydrogen 

peroxide, however, the spectrum widens into a broad shoulder that extends from roughly 

600nm to less than 250nm. [12] [17] [21] [46]  As hydrogen peroxide is added to a 

solution of uranyl carbonate, the previous distinct peaks of uranyl carbonate disappear as 

it complexes with peroxide. [17] [21] [46]. The extinction coefficients of uranyl 

tricarbonate and the uranyl carbonate-peroxide complexes are extremely different. The 

extinction coefficient of UO2(CO3)3
4-

 at 448nm is reported in literature as 26.2±0.83M
-

1
·cm

-1
, 28.3M

-1
·cm

-1
, and 23.3±0.3M

-1
·cm

-1
. [17] [24] [46] The extinction coefficient of 

UO2(O2)(CO3)2
4-

, however, has been reported in literature as and 142±13M
-1

·cm
-1

 at 

500nm, 1082M
-1

·cm
-1

 at 340nm, and 1022.7±19.03M
-1

·cm
-1

 at 347.5nm. [17] [24] [46] 

Peper and colleagues report their extinction coefficient at 500nm because they observed 

that the decomposition of hydrogen peroxide in solution caused spectrographic 

disturbances below 475nm. [17] 
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4 Methods and Materials 

4.1 Uranium Dioxide Microspheres 

 The uranium dioxide microspheres studied in these experiments were acquired 

from an Oak Ridge National Laboratory (ORNL) lot designated DUN350. These 

microspheres were originally  assigned for use in the Advanced Gas Reactor Fuel 

Development and Qualification Program. DUN350 is a 3.4kg composite lot of depleted 

uranium dioxide kernels with total enrichment of the uranium of 0.208% U-235. 

4.1.1 Properties of Uranium Dioxide microspheres: 

Two samples were riffled from the lot DUN350 and labeled as  DUN350-52K and 

DUN350-53K, with weights of 64.35g and 64.32g respectively, or 128.67g total. A 

separate 100g sample,  labeled DUN350-1, was riffled from DUN350 and used by J.D. 

Hunn and A.K. Kercher to characterize the kernels in DUN350. They found that the 

density of the kernels was 10.92±0.03g·cm
-3

. [47] 

 Out of the 100g DUN350-1 sample, 1.16g was sent to ORNL Analytical 

Chemistry Laboratory for analysis of impurities. This sample was dissolved in ultra-pure 

nitric acid then passed through a TRU (Eichrom 
TM

) resin to remove the excess of 

uranium. The column effluent was then analyzed using ICP-MS to determine the 

presence of other metal impurities. The impurities which reported above the limit of 

detection are reported in Error! Reference source not found. from the highest 

concentration to lowest. [47]  
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Table 1: Impurities present in DUO2 Microspheres. Recreated from table 5-1 in [47] 

Impurity Ion 
Measured Concentration  

(μg/g or ppm-wt) 

K 15.6±1.6 

Cr 13.4±1.3 

Fe 6.31±1.9 

Mg 5.43±0.5 

Al 5.1±0.5 

Ni 4.5±0.5 

Cu 2.7±0.3 

Zn 2.7±0.3 

Mn 1.1±0.2 

Co 0.97±0.19 

Mo 0.62±0.13 

Sb 0.61±0.12 

Ba 0.38±0.08 

Pb 0.28±0.06 

Sr 0.27±0.05 

V 0.26±0.05 

 

 Kercher and Hunn [45] examined over 12,000 kernels for their diameter and 

sphericity. This analysis was performed using image analysis software to estimate the 

center of each kernel and determine the edge at 360 points around each kernel. The radius 

from the estimated center to each of these 360 points as well as the diameter between 

each opposite point was used to determine radius and diameter. Sphericity (unitless 

value) was determined by taking the maximum diameter or radius and dividing it by the 

minimum diameter or radius, respectively. The mean diameter was found to be 

355μm±4μm with a 95% confidence interval for the mean of 353-355μm. The sphericity 
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was found to be 1.017±0.012 when calculated with the radius and 1.011±0.007 when 

calculated by the diameter.  [47] 

4.1.2 Powered Uranium Dioxide Microspheres 

In experiments that called for powdered uranium dioxide, the depleted uranium 

microspheres were crushed by hand to produce the powder. A small amount of uranium 

dioxide (~8g) was wetted and ground with a ceramic mortar and pestle in a sealed plastic 

bag. The microspheres were wetted to help prevent powder from being aerosolized. The 

powder was then dried in the mortar then transferred to a glass container. Size was 

determined using a series of metallic sieves with mesh sizes of 25, 35, 45, 60, 80, 120, 

170, and 230μm. The size distribution can be found in Figure 1. No particles were found 

with a size greater than 230μm. The majority of the particle sizes were 60-120μm. 

 

Figure 1: Size distribution of ground uranium dioxide microspheres. 

4.2 Spectrophotometry 

 All spectrophotometric measurements were completed using either an Ocean 

Optics QE65000 spectrometer or a Cary 6000i UV-Vis-NIR spectrophotometer. The 

cuvettes used had a path length of 1.0cm. All spectra were taken from 200nm to 800nm, 
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which represents slightly more than the visible spectrum. Below 250nm, however, no 

useful information could be determined because of the absorbance of the plastic cuvettes 

used.  

Three calibration curves were made for each of three concentration regions: 0-1mM of 

uranyl peroxide-carbonate, 1-5mM of uranyl peroxide-carbonate, and 5-14mM uranyl 

peroxide carbonate. Since dissolution rates were much lower than initially expected, only 

the 0-1mM and the 1-5mM calibration curve were used. The 0-1mM calibration curved 

used the extinction coefficient of 145.6M
-1

cm
-1

 at 482nm while the 1-5mM curved used 

171.3M
-1

cm
-1

 at 471nm. A list of all extinction coefficients for the 1-5mM calibration 

curve with relative uncertainty less than 5% that were found are reported in the Appendix 

A.  

The uranyl peroxide-carbonate complex was chosen as the measured species for two 

reasons. First, because of its much higher extinction coefficients, it was easier to 

determine if it was present in solution reliably and with smaller uncertainty. Figure 2 

demonstrates this by showing the absorbance spectrum from 9.86mM solution of uranyl 

peroxide-carbonate complex and 10mM uranyl tricarbonate. As absorbance is a log scale, 

the higher absorbance of uranyl-peroxide-carbonate seen in Figure 2 represents a massive 

difference between the two complexes. Secondly, the uranyl peroxide-carbonate complex 

is already present in solution and has a much higher solubility. Heating the solution to 

remove it would have added another step to the procedure and risked precipitation of 

uranyl out of solution. Instead, these spectra were measured in excess ammonium 

carbonate and hydrogen peroxide to assure all uranyl tricarbonate was complexed with 

peroxide.  Figure 3 shows a typical absorbance spectrum from a sample measured with 

the Cary 6000i spectrophotometer. These samples were measured using a water and 

ammonium carbonate mixture as the baseline. This is why the curve dips dramatically 

between 240 and 220nm (the location of the carbonate peak). 
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Figure 2: Absorbance spectrum of  the 9.86mM uranyl peroxide-carbonate complex (top) and uranyl 

tricarbonate (bottom). Taken with Ocean Optics QE65000 spectrometer. 

 

Figure 3: Typical absorbance spectrum of the 1.14mM uranyl peroxide-carbonate sample 

scanned with the Cary 6000i spectrophotometer.  
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4.3 Imaging with Microscope 

Magnified images of the microspheres were taken using a Keyence VHX-600 

digital microscope. Several sets of images were taken, including images of un-dissolved 

microspheres as well as some of partially dissolved microspheres at 200x magnification. 

Partially dissolved microspheres were washed several times with deionized water to 

remove any remaining carbonate salts before being dried. All samples were held in place 

using double-sided tape. 

4.4 pH control 

The pH of the solutions was measured in the absence of uranium using a VWR 

sympHony pH electrode in conjunction with a Thermo Scientific Orion 3 Star pH 

Benchtop system at 4 combinations of hydrogen peroxide and carbonate concentrations: 

0.4M H2O2 and 0.4M [CO3]
2-

, 0.4M H2O2 and 1.0M [CO3]
2-

, 1.3M H2O2 and 0.4M 

[CO3]
2-

, and 1.3M H2O2 and 1.0M [CO3]
2-

. As pH electrodes are sensitive to the presence 

of alkali metal ions and ammonium ions, especially at extremely low concentrations of 

H+, these measurements were confirmed using pH test strips. The pH electrode and pH 

strips had fairly good agreement. 

4.5 Experimental Setup 

Experiments were performed with hydrogen peroxide and one of three different 

carbonate salts: ammonium carbonate, sodium carbonate, or potassium carbonate 

(manufactured by J.T. Baker, Mallinckrodt, and Allied Chemical respectively). Stock 

solutions of these three salts were prepared by dissolving the respective salt in DI water 

(>15MΩ·cm-1) then verified by titration either manually or using the Mettler Toledo 

DL58 auto-titrator. Hydrogen peroxide (Mallinckrodt) was purchased as 30% hydrogen 

peroxide solution in water. Concentration of peroxide was confirmed via titration with 

potassium permanganate. 

Experiments were either performed one at a time in a 250mL stainless steel beaker 

with stirring or performed two at a time in 150mL PTFE beakers without stirring. Both 
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setups were on a hot plate which allowed for temperature control during the experiment. 

However, the temperature of solution during dissolution could not be measured directly 

because of poor geometry for thermometer in either dissolution vessel used. Therefore, 

all settings of the hot plate were calibrated using a beaker with 50mL of water placed on 

the hot plate. The temperature equilibrium was reached within 20 minute. The carbonate-

peroxide solution used in each experiment was allowed to heat up for 20 minutes before 

uranium was added and sampling began. During each test, a glass beaker containing 

25mL of water was also placed on the hot plate and used as a surrogate temperature 

sensor. All temperatures are given with an uncertainty of ±1.35°C. 

Experiments in the 250mL stainless steel beaker were performed with a constant 

stirring rate of 60rpm.  While this setup was used for several different experiments, the 

main advantage of this setup was for continuous addition of hydrogen peroxide or for 

experiments that involved batch simulated ‘flow-through’. In the case of continuous 

hydrogen peroxide addition, a KD scientific Model 100 syringe infusion pump with 

10mL plastic syringes was used to drip hydrogen peroxide stock slowly into the solution. 

The stirring helped assure that this hydrogen peroxide was mixed homogenously with the 

solution. The Model 100 infusion pump allowed for control of the addition rate between 

0.0 and 10.0mL/hr. 

The experiments performed in the 150mL PTFE beakers had no stirring. The main 

advantage of this setup is that it allowed several experiments to be performed at the same 

time a constant temperature. This was used for the concentration studies. As these 

solutions did not have stirring, the beakers were swirled for several seconds before 

sampling to homogenize the solution. 

4.6  Experimental Procedures 

While the experiment length and sampling rate varied between experiments, all 

samples were centrifuged for one minute to separate out any precipitate or un-dissolved 

uranium which may have present in the sample. A sample from this was then taken and 

added to 400μL of ammonium carbonate stock and 35μL of hydrogen peroxide stock in a 
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Brand disposable semi-micro UV-cuvette. The strict concentration of carbonate and 

hydrogen peroxide is not important as long as the sample is in extreme excess of 

carbonate and hydrogen peroxide and the pH of the measured solution stays constant 

across all samples. Actual sample sizes ranged from 40μL to 80μL or 475-515μL total 

volume. From the measured values of optical absorbance, the molar concentrations of 

uranium in the samples were calculated. 

The uranium dioxide microspheres build up a significant amount of static electricity. 

Since they have such a small mass and can build up a relatively large charge, they are 

capable of ‘jumping’ several feet unless static is properly controlled. For this reason, 

static controls were necessary to help prevent the escape of individual microspheres. All 

uranium dioxide microspheres were stored in stainless steel containers with a grounded 

anti-static cable attached to them. Anti-static weigh boats were used alongside an anti-

static brush. Despite all of these precautions, the microspheres should not be allowed to 

dry completely in PTFE containers. The microspheres stick to the sides and must be 

removed manually using a tool. In the stainless steel, however, the microspheres 

continued to move freely in the container after drying and could be simply poured out. 

Waste solutions were collected in bottles and, once full, were sampled and labeled 

with total activity present. As they contained a solution of uranyl-peroxide-carbonates in 

water, they were allowed to vent until they changed from a red-orange to a pale yellow. 

This process can take weeks to occur with bubbles forming on the insides of the container 

as it continues. After this process was complete, the waste containers were sealed and 

turned over to the radiation health physics staff at the Radiation Center for disposal. 

4.6.1 Effect of carbonate cation, hydrogen peroxide, and temperature 

The same sets of experiments were performed with each of the three salts, with the 

exception of ammonium carbonate which was studied further. For each of the three salts, 

16 dissolution rates were obtained by dissolving 0.25g of UO2 microspheres in 25mL 

solutions which contained all 16 combinations of 0.4M, 0.7M, 1.0M, and 1.3M H2O2 and 
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0.4M, 0.7M, 1.0M, and 1.13M [CO3]
2- 

at 30°C in the 150mL PTFE beakers without 

stirring. Where multiple experiments were performed at a single concentration 

combination, the dissolution rates were averaged. Additionally, the activation energy of 

sodium and potassium carbonate was obtained in solutions of 0.7M H2O2 and 0.7M 

[CO3]
2-

 by dissolving 1.0g and 0.5g respectively of UO2 microspheres at various 

temperatures. The activation energy of ammonium carbonate was obtained by dissolving 

1.0g of UO2 microspheres in a solution of 0.7M H2O2 and 0.7M (NH4)2CO3. For several 

dissolution experiments with ammonium carbonate at high temperature, the 30% 

hydrogen peroxide stock solution was added at a constant rate to help prevent hydrogen 

peroxide from decomposing completely. The temperature experiments were performed in 

the 250mL stainless steel beaker with a stirring rate of 60rpm. All of these experiments 

were terminated after 1 hour of dissolution. 

4.6.2 Additional Ammonium Carbonate Experiments 

The effect of the carbonate and peroxide concentrations on dissolution rate of UO2 

microspheres were further investigated in both the static (a, b) and dynamic (c, d) 

conditions. Four sets of experiments were conducted. The first two sets of experiments (a, 

b) were performed by dissolving 1.0g of UO2 microspheres in 25mL of solution in the 

150mL PTFE beakers without stirring and sampling was terminated after 1 hour:  

a) The hydrogen peroxide concentration was held constant at 0.7M H2O2 and the 

dissolution rate was measured at ammonium carbonate concentrations of 0.4M, 

0.7M, 1.0M, 1.3M, and 1.5M at 30°C.  

b) The carbonate concentration was held constant at 0.7M and the dissolution rate 

was measured at hydrogen peroxide concentrations of 0.3M, 0.5M, 0.6M, 0.7M, 

0.8M, 0.9M, 1.1M, 1.3M, 1.65M, 1.8M, 2.1M, 2.4M, 2.7M, 3.1M, 3.4M, and 

3.8M at 30°C.  

The next two experiments (c, d) were performed for a longer time than 1 hour in an 

attempt to achieve full dissolution of the whole microspheres: 
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c) 1.062g of microspheres was added to a 25mL solution of 0.7M ammonium 

carbonate and 0.7M hydrogen peroxide for 4 hours. This experiment had a 

constant hydrogen peroxide addition rate of 0.4mL/hr at 30°C. 

d) A simulated flow-through experiment performed by adding 1.016g of UO2 

microspheres to a 25mL solution of 0.9M ammonium carbonate and 2.0M 

hydrogen peroxide for 4.5 hours at 40°C. A 10mL sample of solution was 

removed every 10 minutes and replaced with 10mL of fresh solution.  

4.6.3 Effect of the UO2 particle size 

Five 1-hour long experiments with dissolution of uranium dioxide powder (crushed UO2 

microspheres) were also conducted. The first two samples were non-fractionated powders 

containing the full distribution of particle sizes, and the three other samples were size-

fractionated powders of uranium dioxide. The amounts of solids, volumes of solutions 

and temperatures are summarized in the table below:  

Table 2: Fraction, Mass, Concentrations, and Conditions for the 5 powder dissolutions performed. 

Diameter  

(μm) 

Mass of UO2 

(g)  

Volume 

(mL) 

(NH4)2CO3  

(M)  

H2O2 

(M) 

T 

°[°C] 

 n/a 1.095 25  0.7 0.7 30 

 n/a 1.077 25  0.8 2.9 35 

<25 0.362 25  1.0 2.6 30 

25-35 0.315 25  1.0 2.6 30 

60-80 0.274 25  1.0 2.6 30 

All of the powder dissolutions were performed for one hour with a stirring rate of 60 rpm.  

 

The first of these two experiments was performed by adding 1.095g of powder into a 

25mL solution of 0.7M ammonium carbonate and 0.7M hydrogen peroxide at 30°C. This 

experiment was terminated after an hour. The second experiment was performed by 

adding 1.077g of powder into a 25mL solution of 0.8M ammonium carbonate and 2.9M 

hydrogen peroxide with a continual addition of 5.8mL/hr of hydrogen peroxide stock. 

The sampling was also terminated after an hour. 



28 

 

 The other three experiments were performed by dissolving the size-fractionated 

powders of uranium dioxide. The samples of  0.362g of the >25μm fraction, 0.315g of 

the 25-35μm fraction, and 0.274g of the 60-80μm fraction in 1.0M ammonium carbonate 

and 2.6M hydrogen peroxide.  All of the powder dissolutions were performed during one 

hour at 30°C in the 250mL stainless steel beakers with a stirring rate of 60rpm.  
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5 Results and Discussion 

 

5.1 Assumptions and General Observations 

In most cases, the dissolution of the whole uranium dioxide microspheres proceeded 

slowly. Over most experiments, the dissolution mass was between 2-15% per hour.  

Images of the microspheres before and after dissolution were taken.  Figure 4 shows 

images of the microspheres before and after a typical dissolution taken at 200x 

magnification. These microspheres are stuck to double-sided tape. Note that the 

undissolved microspheres (on the left) are exceptionally spherical and have a smooth, 

shiny surface which reflects the light of the microscope. The microspheres on the right, 

which lost about 2.6% of their mass, have lost their reflective surface and are pitted and 

damaged. Despite this, these microspheres are still relatively spherical in shape. 

 

Figure 4: Uranium dioxide microspheres at 200x magnification. Left: original microspheres without any 

treatment; Right:  microspheres partially dissolved in 0.7M ammonium carbonate and 0.7M hydrogen 

peroxide at room temperature.  
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 From a modeling standpoint – i.e. fitting these results to the rate law – this is an 

important observation because the dissolution rate should be directly proportional to 

surface area. To reduce the data gathered to information useful to designing a dissolution 

system, it must be reported in rate per unit surface area. In this way, if the surface area is 

known, the data can be expanded to any system within the concentration limits studied. 

As determined by Hunn and Kercher and noted above, the sphericity of the microspheres 

is 1.017±0.012, their diameter is 355±4μm, and their density is 10.92±0.03g·cm
-2

. [47] In 

this work, the microspheres were assumed to be perfectly spherical with constant surface 

area throughout the dissolution. This gives an area per mass of 15.48±0.04cm
2
·g

-1
. Since 

the dissolution occurs unevenly on the surface, it is likely the case that when more of the 

microsphere dissolves that the surface area does not stay constant. Particle size and 

surface area is discussed further in section 5.6. 

Furthermore, to obtain the number of moles dissolved, it is necessary to convert from 

concentration. To make this conversion, the volume of solution must be known. Strictly 

speaking, this is an unknown. While initial volume and sampling volumes are known, 

carbonate and peroxide both decompose and water evaporates out of solution, especially 

at elevated temperature. In these experiments, the assumption will result in an 

overestimation of uranium dioxide dissolved. In experiments where the dissolution 

amount exceeded 100%, gravimetric analysis was used to determine the actual final 

dissolution amount.  

In some high temperature or more rapid dissolutions, the hydrogen peroxide in 

solution would be completely consumed or decomposed. In these cases, the dissolution 

rate would then quickly drop to zero or near zero. In these experiments, this always 

occurred above the solubility of uranyl tricarbonate so, when the uranyl-peroxide-

carbonate complexes decayed, a yellow silt-like precipitate formed. While the 

composition of this precipitate was not explored, it is likely it was 

ammonium/sodium/potassium uranyl tricarbonate (AUT) based on a report from ORNL 

on the production of AUT. [48] This precipitate did not readily dissolve in fresh solutions 
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of carbonate and hydrogen peroxide. For this reason, when this precipitate did form, 

gravimetric analysis was not possible. After this precipitation begins, no useful 

information on the dissolution rate can be found. Experiments were frequently terminated 

as soon as precipitation began. 

In all experiments and with all carbonate counter-ions, the solution quickly 

changed from colorless and transparent to a pale yellow when uranium was added. This 

transition was seen before the first sample in all cases. In experiments were the 

dissolution rate was higher, the solution would transition from pale yellow, to yellow, to 

golden, to amber, to orange, and finally to a deep red-orange. This color transition is 

initially driven by the absorption in the 400-450nm region. As the concentration in 

solution rises, the absorption at and above 500nm becomes more significant, leading to a 

more red color in solution. Qualitatively, the transition to yellow occurs around 1.0mM 

uranyl-peroxide-carbonate, the transition to golden or amber occurs around 1.5mM, the 

transition to orange occurs around 2mM, and the transition to red-orange occurs around 

2.5mM. Above this, the solution becomes increasingly red (and decreasingly orange). 

5.2 Ammonium Carbonate 

Ammonium carbonate was studied in two systems. The first system studied was 

~1.0g of uranium dioxide microspheres in 25mL of solution. This system had a solid to 

liquid ratio (S:L) of 0.04g/mL. The other system studied was ~0.25g of uranium dioxide 

microspheres in 25mL of solution, which has a solid to liquid ratio of 0.01g/mL.  This 

does not seem to be significant with respect to the effect of the carbonate concentration 

but does seem to be significant with respect to the effect of the hydrogen peroxide 

concentration. This is likely because of the change in area available for oxidation by 

hydrogen peroxide. As this is the rate limiting step, the increase in surface area results in 

the increase of the effectiveness of hydrogen peroxide to oxidize the surface. A typical 

dissolution curve is shown in Figure 5. This particular dissolution was in 0.7M H2O2 and 

0.7M (NH4)2CO3 at 30°C. Note that the rate is linear throughout the course of the 

dissolution. Dissolution rates for each of these experiments can be found in appendix B. 
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Figure 5: Dissolution curve from a typical experiment. This experiment was performed at 0.7M 

hydrogen peroxide and 0.7M ammonium carbonate at 30°C for one hour. 

5.2.1 Ammonium Carbonate:  0.04g/mL Solid:Liquid Ratio 

In the 0.04g/mL system, the effect of dissolution rate with respect to carbonate and 

hydrogen peroxide concentration were determined. The results of these experiments are 

shown below in Figure 6 and Figure 7 respectively. The trend lines shown in both figures 

are a power function because this is the relationship suggested by the rate law. The trend 

in the dissolution rates in Figure 7 can also be estimated as linear. The power order can be 

found by taking the natural log of both the dissolution rate and the concentration when 

the temperature and one of the concentrations is held constant: 

      [    ]
 [(   )    ]

    (    )    ( )      ([    ])      ([(   )    ])  

             (13) 

The order is then the linear slope of the data. Using this method, the reaction order 

with respect to carbonate was determined to be 0.21±0.03 and the reaction order with 

respect to hydrogen peroxide was determined to be 0.63±0.04. 
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Figure 6: Dissolution rate of UO2 microspheres in a 25mL solution of 0.7M hydrogen peroxide 

and varying concentration of ammonium carbonate. 

 

Figure 7: Dissolution of UO2 microspheres in a 25mL solution of 0.7M ammonium carbonate and 

varying concentration of hydrogen peroxide. 

 The activation energy of solution was measured by adding ~1.0g of UO2 

microspheres to a 25mL solution of 0.7M hydrogen peroxide and 0.7M ammonium 
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carbonate. The results of these experiments can be seen in Figure 8. Below 310°K, the 

data can be approximated using a linear trend instead of the exponential relationship 

suggested by the rate law. Taking the natural log of both sides of the equation results in: 

       
   
  [    ]

 [(   )    ]
    (    )    ( )      ([    ])      ([(   )    ])  

  

 
 
 

 
  

                (14) 

This equation, when the concentration of hydrogen peroxide and ammonium carbonate is 

held constant, is linear with respect to 1/T. The slope of this curve can be multiplied by 

the gas constant to obtain the activation energy. For ammonium carbonate and hydrogen 

peroxide, this has been determined to be 54.7±4.0. 

 

Figure 8: Dissolution rate with respect to temperature in a solution of 0.7M ammonium carbonate and 

0.7M hydrogen peroxide. 

The curves for 35°C and 41°C were performed with a continuous addition of 

hydrogen peroxide stock of 0.8mL/hr and 3mL/hr. This was because the first attempts at 

these experiments show a marked plateau in dissolution curve and had heavy precipitate 

during the end of the experiment. The dissolution curves for 41°C both with and without 

continuous addition of hydrogen peroxide are shown in Figure 9. The curves, while they 
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initially have the same rate, quickly diverge as the original experiment plateaus. With 

continuous addition, the experiment proceeds linearly until the very end where the 

solution was notably paler but still had quite a bit of effervescence present. After the end 

of the experiment, additional hydrogen peroxide was added. This resulted in no change in 

color of the solution. This, combined with the presence of effervescence, suggested that 

the plateau seen at the end of the experiment is due to the loss of ammonium carbonate 

from solution, not hydrogen peroxide. The 35°C curve with continual addition of 

hydrogen peroxide was linear throughout the hour long experiment. 

 

 

Figure 9: Dissolution curves for 0.7M ammonium carbonate and 0.7M hydrogen peroxide at 

41°C. The continuous addition curve has a continuous addition of hydrogen peroxide stock at a 

rate of 3mL/hr. 

 The frequency factor, A, can be determined for the system by taking the reaction 

orders for each of the two chemicals and the activation energy and dividing out their 

contribution to the rate. For the 0.04g/mL system, the frequency factor was determined to 

be 2.64E6±4.0E4 mmol·cm
-2

·min
-1

·M
-0.84

. The complete reaction equation for the 

0.04g/mL S:L system is thus: 
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5.2.2 Ammonium Carbonate:  0.01g/mL Solid:Liquid System 

The ammonium carbonate dissolution rate in the 0.01g/mL S:L experiments were 

much faster than potassium carbonate and were comparable to sodium carbonate 

dissolution rates. The dissolution rates at the 16 concentration combinations tested is 

shown in Figure 10. 

The reaction orders with respect to ammonium carbonate and hydrogen peroxide 

were calculated for this system as they were for the 0.04g/mL S:L system. The reaction 

order was calculated for each of the four rows (order of (NH4)2CO3) and each of the 

columns (order of H2O2).  All of the orders of the each chemical were then averaged to 

obtain the order for each chemical. No change in products is expected in the ranges of 

hydrogen peroxide or ammonium carbonate used so no change of the order of either 

chemical across the different concentrations is expected. This is reinforced by the 

0.04g/mL S:L reaction orders. If either of these were not smooth trends but instead 

experienced discontinuities or deviations from the power function, it would suggest 

changing products. The reaction orders found were 0.17±0.03 and 0.48±0.03 for 

ammonium carbonate and hydrogen peroxide respectively. 
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Figure 10: Dissolution of UO2 microspheres in solutions of various concentrations of hydrogen 

peroxide and ammonium carbonate at 30°C. 

The effect of hydrogen peroxide concentration on the dissolution rate was much 

smaller than either sodium or potassium carbonate solutions. This is likely due to the 

difference in pH between the systems. Ammonium carbonate is difficult to obtain in its 

pure form because when ammonium carbonate is exposed to air it will slowly be 

converted to ammonium bicarbonate. This bicarbonate serves as an additional buffer 

against pH change. Thus, unlike the other systems tested, the ammonium carbonate 

solutions had a pH around 9. Zanonato and colleagues suggested that there was very 

different species in solution at pH 9 compared to the pH of 11-12 seen in the other 

experiments. Specifically, they suggested that, at pH 9, the [(UO2)2(O2)2(CO3)]
2-

 complex 

would be dominant while at pH 11-12 the [UO2(O2)(CO3)2]
4-

 complex would be 

dominant. Zanonato’s study, however, was in significantly lower concentrations of 

hydrogen peroxide and carbonate (10
-5

M and 10
-4

M respectively). [40] While the results 

presented suggest a significant difference in final species in solution, what specifically 

these species are is uncertain. 

The effect of temperature was not determined for the 0.01g/mL S:L system with 

ammonium carbonate. As all of the activation energies were very close to each other in 
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all of the systems measured, the activation energy for 0.04g/mL S:L was used for this 

system as well. The frequency factor was determined using the same method as above for 

each of the 8 difference power functions (4 for hydrogen peroxide and 4 for ammonium 

carbonate). These 8 frequency factors were then averaged. The resulting frequency factor, 

2.20E6±4.92E4 mmol·cm
-2

·min
-1

·M
-0.65

, is of the same order of magnitude as the 

0.04g/mL S:L system. The complete equation for the 0.01g/mL S:L system with 

ammonium carbonate is thus: 

     [
    

       
]  (             ) 

                

   [    ]
         [ (   )    ]

                  (16) 

 

5.2.3 Time-Extended Dissolution Experiments 

The first extended experiment performed was at 0.7M H2O2 and 0.7M 

(NH4)2CO3 at 30°C with a stirring rate of 60rpm and a continuous addition of 0.4mL/hr 

of H2O2 stock for 4 hours. The dissolution curve can be seen in Figure 11. The goal of 

this dissolution was, based on the success had with the initial dissolutions and their linear 

dissolution rates, to determine if the dissolution rate was linear for extended experiments. 

While the dissolution rate was fairly linear for the first 3 hours of the experiment, the 

solution began to pale during the 4
th

 hour. At about 3.5 hours, the solution clouded as a 

pale yellow precipitate began to form in solution indicating the lack of hydrogen peroxide 

in solution. While the solutions, once centrifugation had removed the precipitate, went 

from their pale color back to a vibrant red-orange when added to the cuvettes for 

measurement. While the trend does bow outwards between 0 and 3.5 hours slightly, 

suggesting that the hydrogen peroxide is being slowly lost from solution by consumption 

and decomposition, the precipitation occurs suddenly. In this experiment, the amount of 

uranium dissolved at the end of the 4-hr test was ~17%. 
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Figure 11: Extended dissolution in 0.7M ammonium carbonate and 0.7M hydrogen peroxide for 

4 hours at 30C. 

 The second time-extended experiment, performed after more analysis of the effect 

of hydrogen peroxide concentration on the dissolution rate, was aimed at complete 

dissolution through a simulated-flow through. This experiment was performed by adding 

1.016g of UO2 microspheres to 25mL of solution of 0.9M ammonium carbonate and 

2.0M hydrogen peroxide at 40°C. Previous experiments had suggested that the amount of 

hydrogen peroxide stock that would have to be added to solution during the experiment to 

counter-act loss of hydrogen peroxide would be greater that 25mL, more than the initial 

volume of the solution. Instead, every 10 minutes, 10mL of the solution was removed 

from the reaction vessel and 10mL of fresh 0.9M (NH4)2CO3, 2.0M H2O2 solution was 

added. In this fashion, both ammonium carbonate and hydrogen peroxide could be added 

to solution without significantly altering the volume of the solution. The total uranium 

dissolved was adjusted to include this lost solution. The result of this dissolution can be 

seen in Figure 12. This curve has been adjusted to the gravimetric analysis of the final 

uranium as, due to the loss of volume to evaporation. In this experiment, 76% of the 

uranium dissolved. 
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Figure 12: Uranium dissolved in the 0.9M ammonium carbonate and 2.0M hydrogen peroxide simulated 

flow-through experiment performed at 40°C. Trend line emphasizes deviation from linearity. 

 While no precipitate formed at any stage during the dissolution, the solution did 

not retain its vibrant red-orange color and began to pale during the latter part of the 

experiment. This can be seen more clearly in Figure 13 which shows the concentration of 

uranium in solution. As can be seen, the concentration at first reaches equilibrium, as is 

expected, but then begins to drop off slowly. In response to the slowly paling solution, 

additional hydrogen peroxide was added at 130 minutes, 180 minutes, and 240 minutes. 

These times are painfully obvious in Figure 13 and demonstrate that, despite the 

replacement of solution with fresh solution, the hydrogen peroxide is still being 

consumed or decomposing faster than it is being added. This suggests that the dissolution 

of the whole microsphere within a few hours is probably not feasible for an industrial 

process. 
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Figure 13: Concentration of uranium in the dissolution volume during the 4.5 hour 

simulated flow through experiment performed in 0.9M ammonium carbonate and 

2.0M hydrogen peroxide at 40C. Note that additional hydrogen peroxide was added to 

solution at 130, 180, and 240 minutes into the experiment. 

5.3 Sodium Carbonate 

Sodium carbonate was only studied in the 0.01g/mL S:L system. Its dissolution 

rates were generally similar to that of ammonium carbonate. The data from the 

experiments is summarized in Figure 14. When the orders are computed in the same way 

as they were for the ammonium carbonate 0.01mL/g S:L system, the order with respect to 

sodium carbonate is determined to be 0.12±0.2 and the order with respect to hydrogen 

peroxide is determined to be 0.75±0.05. As is noted above, there is a great deal of 

similarity between the orders with respect to hydrogen peroxide in sodium carbonate and 

potassium carbonate. This is likely due to their similar pH as compared to the pH of the 

ammonium carbonate systems. Dissolution rates for each of these experiments can be 

found in appendix B. 

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

20.00

0 50 100 150 200 250 300

U
ra

n
iu

m
 C

o
n

cn
et

ra
io

n
  

[m
M

] 

Time [minutes] 



42 

 

 

Figure 14: Dissolution of UO2 microspheres in solutions of various concentrations of hydrogen peroxide 

and sodium carbonate at 30°C. 

 The effect of temperature on sodium carbonate was studied by dissolving 0.25g of 

UO2 microspheres in a 25mL solution of 0.7M sodium carbonate and 0.7M hydrogen 

peroxide at a series of temperatures with a stirring rate of 60rpm. These results can be 

seen in termined to be 52.2±5.9 kJ/mol. 
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Figure 15. That analysis was performed in the same fashion as it was performed for 

ammonium carbonate. The activation energy was determined to be 52.2±5.9 kJ/mol. 

 

Figure 15: Dissolution rate with respect to temperature in a solution of 0.7M sodium carbonate and 0.7M 

hydrogen peroxide. 

The frequency factor, A, can then be calculated for each of the 8 curves – 4 with 

constant carbonate concentration and 4 with constant hydrogen peroxide concentration. 

The calculated value of the frequency factor for this system was determined to be 

2.81E5±7.75E3 mmol·cm
-2

·min
-1

·M
-0.87

. Combining both of the reaction orders, the 

activation energy, and the frequency factor into the rate equation gives the following 

equation: 
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carbonate salts. The results of the 16 concentration combination experiments can be 

found in Figure 16.  The reaction orders with respect to potassium carbonate and 

hydrogen peroxide were determined from this data as discussed above. These reaction 

orders were 0.16±2 for potassium carbonate and 0.72±0.02 for hydrogen peroxide. 

Dissolution rates for each of these experiments can be found in appendix B. 

 

Figure 16: Dissolution of UO2 microspheres in solutions of various concentrations of hydrogen peroxide 

and potassium carbonate at 30°C. 

 The activation energy of the dissolution in the potassium carbonate-hydrogen 

peroxide system was measured and analyzed in the same fashion as was done with 

previous carbonate salts. The results of these experiments can be seen in  
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Figure 17. The activation energy determined for this system was 48.8±1.3 kJ/mol. 

 

Figure 17: Dissolution rate with respect to temperature in a solution of 0.7M potassium carbonate and 

0.7M hydrogen peroxide. 
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-2

·min
-1

·M
-0.88

. Using the 
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reaction orders, activation energy, and frequency factor determined gives the complete 

reaction equation as: 

     [
    

       
]  (             ) 

                

   [    ]
         [      ]

                   

(18) 

 

5.5 Summary of the Carbonate Counter Cation -Ion Experiments 

The results of the experiments with each of the three carbonates are summarized in 

Table 3. There are a few striking differences and a few striking similarities in the data. 

First, the order with respect to carbonate is very close for all samples. The large relative 

uncertainties in the orders with respect to carbonate make it difficult to be certain that the 

orders are actually different at all. At the very least the sodium carbonate and ammonium 

carbonate order likely have some difference, particularly between the 0.04 S:L 

ammonium carbonate system and the 0.01 S:L sodium carbonate system. Second, the 

reaction orders with respect to hydrogen peroxide are more or less identical for sodium 

and potassium carbonate and quite a bit larger than those found for either of the 

ammonium carbonate system. It was noted in Zananato and colleagues that the uranyl, 

carbonate, and peroxide system has very different speciation between pH 9 and pH 11-

12. [40] Similarly, the activation energies are close enough with large enough 

uncertainties that it is difficult to say with certainty that they are all different. This is 

likely the driver in this change in hydrogen peroxide order. It is not surprising that there 

is no significant change in carbonate order across this pH range because, as noted by 

Götz and colleagues, the speciation of uranyl carbonate does not change and remains 

UO2(CO3)3
4-

. [36] Third, the changing frequency factor is surprising. The carbonate 

orders are close enough to obfuscate the role of the counter cation but, if the counter 

cation played no role in the dissolution, the frequency factors should also be the same. 

The frequency factors between the two ammonium carbonate systems are within an order 

of magnitude but the sodium and potassium carbonate frequency factors are an order of 
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magnitude different. Within the same pH range, it appears the carbonate counter cation 

plays some sort of role in the dissolution, if only to inhibit the process. Competition with 

uranyl for carbonate is unlikely as all of these salts are completely disassociated in an 

aqueous solution. Since they are positive charge ions, it is also unlikely that they are 

displacing carbonate or peroxide in the complexes. 
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Table 3: Summary of Results 

Medium (NH4)2CO3 Na2CO3 K2CO3 

S:L [g/mL] 0.04 0.01 0.01 0.01 

Carb. Conc. [M] 0.4-1.5 0.4-1.13 0.4-1.13 0.4-1.13 

H2O2 Conc. [M] 0.3-3.8 0.4-1.3 0.4-1.3 0.4-1.3 

Temperature [°C] 20-41 30 20-31 27-40 

pH 9 9 11-12 11-12 

A 2.64E6±4.00E4 2.20E6±4.92E4 2.81E5±7.75E3 5.37E4±1.20E3 

m 0.63±0.04 0.48±0.05 0.75±0.05 0.72±0.02 

n 0.21±0.03 0.17±0.03 0.12±0.02 0.16±0.02 

Ea [kJ/mol] 54.7±4.0 

 

52.2±5.9 48.8±1.3 

       
   
  [    ]

 [   
  ]  

 

 

5.6 Effect of the Particle Surface Area  

Two different sets of powder dissolutions were performed. The first set consisted of 

two tests to investigate the general effect on powdering the microspheres on dissolution 

rate. These experiments were performed without separating out any particular size of 

particle and instead were performed on as close to a homogenous sample of the powder 

that could be obtained. The second set of tests were performed on the <25μm fraction, the 

25-35μm fraction, and a portion of the 60-80μm fraction. These tests were performed to 

estimate the effect of particle size on the initial dissolution rate and were all performed in 

1.0M ammonium carbonate and 2.6M hydrogen peroxide at 30°C. 

5.6.1 Dissolutions of the Un-Fractionated Powdered Microspheres 

The un-fractionated powder was dissolved in two conditions: the first was a 

dissolution experiment at 0.7M ammonium carbonate and 0.7M hydrogen peroxide at 



49 

 

30°C. This dissolution was done to determine the general effect of the powdering process 

on the dissolution. The second dissolution was done 0.8M ammonium carbonate and 

2.9M hydrogen peroxide with a continuous addition of 5.8mL/hr of hydrogen peroxide 

stock at 35°C. 

The first dissolution, shown in Figure 18, proceeded quickly. About 33% of the 

powder dissolved and the solution obtained a deep red-orange color by the twenty minute 

sample and continued to darken throughout the experiment. There is some curvature to 

the data which suggests that prolonged tests under these conditions would need additional 

hydrogen peroxide to prevent precipitation. The dissolution rate observed in this 

experiment was 2.4 times higher than observed in similar conditions with the whole 

microspheres. 

 

Figure 18: Dissolution of un-sieved powder in 0.7M ammonium carbonate and 0.7M hydrogen peroxide 

at 30°C. 

 The second dissolution was designed based on the ammonium carbonate data to 

dissolve the uranium dioxide powder completely within 2 hours. The experiment was 

terminated after one hour due to an enormous amount of precipitation. The dissolution 

curve can be seen in Figure 19. While the initial dissolution was promising, even higher 
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than predicted, the solution began to become cloudy after 40 minutes. This precipitation 

increased, removing significant amount of uranium from solution as a pale yellow 

precipitate. Additional hydrogen peroxide was added in an attempt to salvage the 

experiment but it did not have a significant effect in reducing precipitation or cloudiness. 

The last two points, at 50 and 60 minutes respectively, are in an extremely cloudy 

solution with a large amount of precipitate. 

 

Figure 19: Dissolution of un-sieved powder in 0.8M ammonium carbonate and 2.9M hydrogen 

peroxide at 35°C. 

5.6.2 Dissolutions of Size-Fractionated Powdered Microspheres 

The first dissolution done on the fractionated powder was done on the <25μm 

particle diameter fraction. This dissolution curve can be seen in Figure 20. During the 

first part of the experiment, the dissolution proceeded rapidly.  By the time the first 

sample was taken, the solution was already a deep red-orange. Late in the experiment, the 

solution became cloudy then a great amount of precipitate formed. Dissolution rates for 

these powders were measured per unit weight instead of per unit area because the area is 

unknown. The dissolution rate in this solution was 0.110±0.02mmole/min·g. While 
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measuring the amount of undissolved uranium was complicated by the precipitate, 

roughly 95% of the original uranium powder dissolved during this experiment. 

 

Figure 20: Dissolution curve for the dissolution of the <25μm fraction of the powdered 

microspheres in 1.0M ammonium carbonate and 2.6M hydrogen peroxide. Uncertainty bars 

shown are one standard deviation. 

 The second dissolution was performed with the 25-35μm fraction in the same 

conditions. The dissolution curve can be seen in Figure 21. The initial rate is not as fast 

as the <25μm fraction, only 0.070±0.001 mmole/min·g, but the curve plateaus at about 

the same concentration. It is likely that this is simply the point at which the hydrogen 

peroxide in solution has been consumed completely by the reaction and not a solubility 

limit. If this was a solubility limit and hydrogen peroxide was still present in solution, no 

precipitate would be expected as the decaying uranyl-peroxide-carbonate complexes 

would reform. Furthermore, the tests with the un-sieved powder began to precipitate 

earlier, at only 48mM instead of the roughly 60mM seen in both of these experiments. 

While it is possible that the additional carbonate in the sieved dissolutions has an effect, it 

would be expected that it would have negative effect on the solubility, not a positive one. 

Furthermore, Peper and colleagues successfully prepared solutions for calibration with 

y = 0.0397x 

R² = 0.9652 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 10 20 30 40 50 60 70

U
ra

n
iu

m
 D

is
so

lv
ed

 [
m

m
o

le
] 

Time [Minutes] 



52 

 

concentrations up to 70mM in 0.5M sodium carbonate and 0.7M hydrogen peroxide. [17] 

None of the other, non-powdered experiments started to precipitate with this high of a 

concentration, instead starting at much lower concentrations. This might be simply a 

product of their dissolution rates not being high enough to reach these limits. The 

precipitation in the non-powdered experiments was only observed during higher 

temperature experiments suggesting that the major mechanism of hydrogen peroxide loss 

was thermal decomposition not consumption. 

 

Figure 21: Dissolution curve for the dissolution of the 25-35μm fraction of the powdered 

microspheres in 1.0M ammonium carbonate and 2.6M hydrogen peroxide. 

 The third dissolution was performed with the 60-80μm fraction in the same 

conditions. This dissolution curve can be seen in Figure 22. Unlike the other two 

fractions, the dissolution rate with these particles was not fast to reach the same 

concentrations at which the other fractions plateaued. The dissolution rate with this 

fraction was only 0.028±0.001mmole/min·g. 
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Figure 22: Dissolution curve for the dissolution of the 60-80μm fraction of the powdered 

microspheres in 1.0M ammonium carbonate and 2.6M hydrogen peroxide. 

 While this analysis of particle size is largely qualitative in the absence of exact 

surface area data, some interesting information can still be gleaned from the results. 

Figure 23 shows the dissolution rates plotted against their maximum diameter. This 

diameter was used because the actual average diameter within the particle size range is 

not known. While the mathematical relationship between these data points changes 

depending on exactly what diameter is used, the relationship falls quite close to being 

proportional to the inverse of the radius, r. In the case where the maximum diameter is 

used for all samples, the relationship is proportional to r
-1.16

. The square-cube law, first 

mentioned by Galileo Galilei, states that any object which is scaled has its surface area 

increase with the square of its radius and its volume increases with the cube of its radius. 

[49] That means that as the diameter increases, if the particles are roughly the same shape 

in each size fraction, the surface area per unit mass should decrease with the inverse of 

the radius. These results suggest that, while there is some variation, each fraction is 

roughly the same shape. It is somewhat surprising that the dissolution rate does not 

deviate from this relationship significantly between particle sizes as it was suggested 
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above that surface area to liquid ratio is very important to dissolution. It appears that, as 

above, the changing order with respect to hydrogen peroxide is largely offset by a 

changing frequency factor. 

 

Figure 23: Mass normalized dissolution rate versus maximum particle diameter. 

  

y = 4.4058x-1.155 

R² = 0.9979 

0

0.02

0.04

0.06

0.08

0.1

0.12

0 20 40 60 80 100

D
is

so
lu

ti
o

n
 R

a
te

 [
m

m
o

le
/m

in
·g

] 

Maximum Particle Diameter [μm] 



55 

 

6 Conclusions 

As expected, the dissolution seems to be sensitive not only to pH but also to the 

surface area to hydrogen peroxide concentration ratio. Despite this, this research has 

determined the full reaction equations for ammonium carbonate, sodium carbonate, and 

potassium carbonate under several different chemical and temperature conditions. These 

reaction orders, while different from those in literature, are the reaction orders which 

capture the exact effect of these chemicals in these systems. Furthermore, it has shown 

that there is a great deal of promise in designing an industrial process using carbonate and 

hydrogen peroxide to dissolved crushed uranium dioxide. While with better control of the 

dissolution system, it may be possible to dissolve the microspheres uncrushed, it would 

be extremely time consuming. Once crushed, the dissolution rate increases dramatically 

with a smaller particle size. Even with hand crushing, very close to complete dissolution 

was achieved during one hour. Using a mill or other apparatus to produce finer particles 

would easily allow complete dissolution under more controlled circumstances. 

Ultimately, however, the ‘single-strike’ method of adding all hydrogen peroxide and 

carbonate at the beginning of the dissolution does not look promising.  

 The differences in the dissolution rates between the three carbonates are difficult 

to explain. Due to the relatively high uncertainty (>10%) in the orders with respect to 

carbonate and their close means, it is difficult to determine whether or not these orders 

are actually different. This is also true to some extent for the activation energies. There is, 

however, a very clear difference in the frequency factor and order with respect to 

hydrogen peroxide. Both sodium and potassium carbonate had very close orders with 

respect to hydrogen peroxide. This is most likely an effect of pH and the resulting 

product speciation. All three carbonates had very different frequency factors, changing by 

an order of magnitude between carbonates. As the frequency factor captures the 

probability of collision and the probability a collision will result in a chemical interaction, 

this suggests that the counter ions are involved somehow in the reaction – even if it is just 

getting in the way. The solid:liquid ratio, while it has a significant effect on the reaction 
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orders, does not seem to have a significant effect on either the frequency factor or the 

actual dissolution rates. Experiments performed in the same conditions in the ammonium 

carbonate system have similar dissolution rates between the two solid:liquid ratio 

systems. This result suggests that these experimental results are applicable outside the 

solid:liquid ratios given. 

6.1 Future Work 

While this work describes the behavior of the dissolution system within certain 

limits, there are a few areas of interest which could be further explored. Some of these 

areas are related to theory and the chemical behavior in the system, some of these areas 

are areas which further research would further aid the development of a commercial 

dissolution system. These areas are listed below in no particular order. 

 One area is the relationship of pH and the dissolution rate. This research 

suggested a relationship of pH on order with respect to hydrogen peroxide 

but quantifying both this relationship as well as determining the change in 

products occurring in solution would be useful in further establishing the 

theory behind the dissolution. 

 A second area is the relationship between dissolution rate, reaction orders, 

and the solid:liquid ratio. It was posited in this thesis that the changes seen 

were due to the different surface areas available for oxidation by hydrogen 

peroxide. Quantifying this relationship would be useful for engineers 

attempting to determine how their system would respond with different 

powder sizes and specific surface areas. 

 Third, the loss rates of various carbonate salts at high temperatures could be 

quantified. Ammonium carbonate was found to decompose relatively 

quickly in solution at only 40°C. If sodium or potassium carbonate was 

found to be more stable in solution at higher temperatures, the sensitivity of 

the dissolution rate to temperature could be more effectively exploited in 

commercial dissolutions. 
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 Fourth, the dissolution of different uranium oxides could be explored in 

carbonate-peroxide systems. This work only studied UO2. Literature 

suggests, however, that UO3 or U3O8 would dissolve more quickly in 

solution. These have potential as different target materials for production of 

Mo-99. 

 Finally, a live spectrophotometric measurement system could be developed. 

Carbonate, hydrogen peroxide, uranyl tricarbonate, and the uranyl-peroxide-

carbonate all have separate peaks between 200-800nm. This could be used 

to measure the instantaneous concentrations of all of these. Additionally, it 

could be used to actively increase the concentration of a consumed or 

decomposed chemical. 
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Appendix A – Extinction Coefficients 

 

Table 4: Extinction Coefficients for the Uranyl-Peroxide-Carbonate Complexes for 1-5mM. 

λ  

[nm] 

ε  

[M
-1

cm
-1

] 

Uncertainty 

[M
-1 

cm
-1

] 

Relative 

Uncertainty 

λ  

[nm] 

ε  

[M
-1

cm
-1

] 

Uncertainty 

[M
-1

 cm
-1

] 

Relative 

Uncertainty 

663 0.53 0.03 4.9% 521 50.98 0.27 0.5% 

662 0.54 0.03 4.6% 520 52.39 0.28 0.5% 

661 0.56 0.03 4.7% 519 53.81 0.29 0.5% 

660 0.60 0.02 4.2% 518 55.27 0.30 0.5% 

659 0.61 0.03 4.3% 517 56.78 0.31 0.5% 

658 0.63 0.03 4.2% 516 58.29 0.31 0.5% 

657 0.65 0.03 4.1% 515 59.89 0.33 0.5% 

656 0.67 0.03 3.8% 514 61.51 0.34 0.6% 

655 0.70 0.03 3.6% 513 63.14 0.35 0.6% 

654 0.74 0.03 3.4% 512 64.82 0.36 0.6% 

653 0.78 0.03 3.3% 511 66.54 0.37 0.6% 

652 0.79 0.03 3.4% 510 68.27 0.38 0.6% 

651 0.82 0.03 3.1% 509 70.13 0.40 0.6% 

650 0.86 0.03 3.0% 508 71.95 0.41 0.6% 

649 0.90 0.02 2.7% 507 73.82 0.42 0.6% 

648 0.92 0.03 2.9% 506 75.73 0.43 0.6% 

647 0.95 0.03 2.8% 505 77.70 0.45 0.6% 

646 0.98 0.03 2.8% 504 79.70 0.46 0.6% 

645 1.02 0.03 2.6% 503 81.74 0.47 0.6% 

644 1.07 0.03 2.4% 502 83.82 0.49 0.6% 

643 1.11 0.03 2.3% 501 85.94 0.50 0.6% 

642 1.12 0.03 2.5% 500 88.09 0.52 0.6% 

641 1.17 0.03 2.3% 499 90.30 0.53 0.6% 

640 1.24 0.02 2.0% 498 92.54 0.55 0.6% 

639 1.27 0.03 2.2% 497 94.82 0.56 0.6% 

638 1.30 0.03 2.1% 496 97.17 0.58 0.6% 

637 1.36 0.03 2.0% 495 99.55 0.60 0.6% 

636 1.41 0.02 1.8% 494 101.96 0.62 0.6% 

635 1.46 0.03 1.7% 493 104.40 0.63 0.6% 

634 1.53 0.03 1.7% 492 106.96 0.65 0.6% 

633 1.56 0.03 1.8% 491 109.56 0.67 0.6% 

632 1.62 0.03 1.6% 490 112.18 0.69 0.6% 

631 1.69 0.03 1.5% 489 114.86 0.71 0.6% 
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λ  

[nm] 

ε  

[M
-1

cm
-1

] 

Uncertainty 

[M
-1 

cm
-1

] 

Relative 

Uncertainty 

λ  

[nm] 

ε  

[M
-1

cm
-1

] 

Uncertainty 

[M
-1

 cm
-1

] 

Relative 

Uncertainty 

630 1.76 0.03 1.4% 488 117.61 0.74 0.6% 

629 1.81 0.03 1.5% 487 120.35 0.76 0.6% 

628 1.86 0.03 1.5% 486 123.19 0.78 0.6% 

627 1.94 0.03 1.3% 485 126.08 0.81 0.6% 

626 2.00 0.03 1.3% 484 129.00 0.83 0.6% 

625 2.09 0.03 1.2% 483 132.01 0.86 0.6% 

624 2.15 0.03 1.3% 482 135.02 0.88 0.7% 

623 2.22 0.03 1.2% 481 138.13 0.91 0.7% 

622 2.30 0.03 1.2% 480 141.27 0.94 0.7% 

621 2.38 0.03 1.1% 479 144.47 0.97 0.7% 

620 2.47 0.03 1.1% 478 147.71 1.00 0.7% 

619 2.54 0.03 1.1% 477 150.97 1.03 0.7% 

618 2.63 0.03 1.0% 476 154.30 1.07 0.7% 

617 2.72 0.02 0.9% 475 157.65 1.10 0.7% 

616 2.81 0.02 0.9% 474 160.98 1.13 0.7% 

615 2.91 0.02 0.8% 473 164.36 1.17 0.7% 

614 3.00 0.03 0.9% 472 167.84 1.21 0.7% 

613 3.09 0.02 0.8% 471 171.31 1.25 0.7% 

612 3.20 0.02 0.7% 470 174.90 1.29 0.7% 

611 3.32 0.02 0.7% 469 178.49 1.33 0.7% 

610 3.41 0.02 0.7% 468 182.20 1.38 0.8% 

609 3.52 0.03 0.7% 467 186.01 1.42 0.8% 

608 3.63 0.03 0.7% 466 189.98 1.48 0.8% 

607 3.77 0.02 0.6% 465 194.04 1.53 0.8% 

606 3.89 0.02 0.6% 464 198.24 1.59 0.8% 

605 4.02 0.02 0.6% 463 202.56 1.64 0.8% 

604 4.16 0.02 0.6% 462 207.05 1.71 0.8% 

603 4.27 0.03 0.6% 461 211.48 1.79 0.8% 

602 4.43 0.02 0.6% 460 216.04 1.88 0.9% 

601 4.59 0.02 0.5% 459 220.55 1.96 0.9% 

600 4.72 0.03 0.5% 458 225.01 2.06 0.9% 

599 4.87 0.03 0.5% 457 229.44 2.17 0.9% 

598 5.05 0.03 0.5% 456 233.76 2.28 1.0% 

597 5.22 0.03 0.5% 455 237.94 2.38 1.0% 

596 5.38 0.03 0.5% 454 242.01 2.50 1.0% 

595 5.56 0.03 0.5% 453 246.01 2.62 1.1% 

594 5.73 0.03 0.4% 452 249.93 2.73 1.1% 

593 5.92 0.03 0.4% 451 253.87 2.86 1.1% 

592 6.14 0.03 0.4% 450 257.84 2.99 1.2% 
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λ  

[nm] 

ε  

[M
-1

cm
-1

] 

Uncertainty 

[M
-1 

cm
-1

] 

Relative 

Uncertainty 

λ  

[nm] 

ε  

[M
-1

cm
-1

] 

Uncertainty 

[M
-1

 cm
-1

] 

Relative 

Uncertainty 

591 6.30 0.03 0.4% 449 261.94 3.12 1.2% 

590 6.51 0.03 0.4% 448 266.03 3.28 1.2% 

589 6.74 0.03 0.4% 447 270.26 3.45 1.3% 

588 6.97 0.03 0.4% 446 274.48 3.63 1.3% 

587 7.20 0.03 0.4% 445 278.61 3.82 1.4% 

586 7.41 0.03 0.4% 444 282.70 4.01 1.4% 

585 7.65 0.03 0.4% 443 286.60 4.22 1.5% 

584 7.89 0.03 0.4% 442 290.41 4.44 1.5% 

583 8.15 0.03 0.4% 441 294.05 4.65 1.6% 

582 8.42 0.03 0.4% 440 297.53 4.86 1.6% 

581 8.68 0.03 0.4% 439 300.93 5.08 1.7% 

580 8.94 0.03 0.3% 438 304.29 5.30 1.7% 

579 9.24 0.03 0.4% 437 307.67 5.52 1.8% 

578 9.52 0.03 0.4% 436 311.00 5.76 1.9% 

577 9.83 0.04 0.4% 435 314.28 6.01 1.9% 

576 10.14 0.04 0.4% 434 317.67 6.27 2.0% 

575 10.47 0.04 0.4% 433 321.01 6.53 2.0% 

574 10.81 0.04 0.4% 432 324.32 6.81 2.1% 

573 11.16 0.04 0.4% 431 327.49 7.10 2.2% 

572 11.48 0.04 0.4% 430 330.60 7.39 2.2% 

571 11.84 0.04 0.4% 429 333.64 7.70 2.3% 

570 12.21 0.05 0.4% 428 336.57 8.01 2.4% 

569 12.66 0.05 0.4% 427 339.41 8.29 2.4% 

568 13.02 0.05 0.3% 426 342.15 8.60 2.5% 

567 13.39 0.05 0.3% 425 344.78 8.90 2.6% 

566 13.82 0.05 0.4% 424 347.34 9.20 2.6% 

565 14.26 0.05 0.3% 423 349.79 9.50 2.7% 

564 14.69 0.05 0.4% 422 352.11 9.81 2.8% 

563 15.14 0.06 0.4% 421 354.35 10.09 2.8% 

562 15.62 0.06 0.4% 420 356.49 10.38 2.9% 

561 16.09 0.06 0.4% 419 358.46 10.67 3.0% 

560 16.59 0.06 0.4% 418 360.42 10.96 3.0% 

559 17.10 0.07 0.4% 417 362.26 11.24 3.1% 

558 17.62 0.07 0.4% 416 364.10 11.53 3.2% 

557 18.16 0.07 0.4% 415 365.90 11.82 3.2% 

556 18.71 0.08 0.4% 414 367.66 12.09 3.3% 

555 19.26 0.08 0.4% 413 369.31 12.39 3.4% 

554 19.83 0.08 0.4% 412 370.91 12.66 3.4% 

553 20.45 0.08 0.4% 411 372.48 12.92 3.5% 
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λ  

[nm] 

ε  

[M
-1

cm
-1

] 

Uncertainty 

[M
-1 

cm
-1

] 

Relative 

Uncertainty 

λ  

[nm] 

ε  

[M
-1

cm
-1

] 

Uncertainty 

[M
-1

 cm
-1

] 

Relative 

Uncertainty 

552 21.05 0.09 0.4% 410 373.88 13.19 3.5% 

551 21.72 0.09 0.4% 409 375.27 13.44 3.6% 

550 22.37 0.10 0.4% 408 376.58 13.66 3.6% 

549 23.02 0.10 0.4% 407 377.80 13.91 3.7% 

548 23.72 0.10 0.4% 406 378.95 14.14 3.7% 

547 24.43 0.11 0.4% 405 380.12 14.36 3.8% 

546 25.16 0.11 0.4% 404 381.30 14.59 3.8% 

545 25.89 0.12 0.4% 403 382.43 14.83 3.9% 

544 26.66 0.12 0.4% 402 383.66 15.06 3.9% 

543 27.44 0.12 0.4% 401 384.82 15.29 4.0% 

542 28.24 0.12 0.4% 400 385.88 15.53 4.0% 

541 29.08 0.13 0.5% 399 386.98 15.76 4.1% 

540 29.92 0.14 0.5% 398 388.04 15.97 4.1% 

539 30.78 0.14 0.5% 397 389.02 16.19 4.2% 

538 31.68 0.15 0.5% 396 390.11 16.40 4.2% 

537 32.61 0.16 0.5% 395 391.03 16.61 4.2% 

536 33.55 0.16 0.5% 394 391.98 16.84 4.3% 

535 34.52 0.17 0.5% 393 392.96 17.06 4.3% 

534 35.52 0.17 0.5% 392 393.96 17.28 4.4% 

533 36.55 0.18 0.5% 391 394.94 17.51 4.4% 

532 37.60 0.19 0.5% 390 395.93 17.75 4.5% 

531 38.67 0.19 0.5% 389 396.97 17.96 4.5% 

530 39.78 0.20 0.5% 388 397.89 18.19 4.6% 

529 40.89 0.20 0.5% 387 398.81 18.45 4.6% 

528 42.06 0.21 0.5% 386 399.82 18.70 4.7% 

527 43.25 0.22 0.5% 385 400.79 18.93 4.7% 

526 44.45 0.23 0.5% 384 401.75 19.20 4.8% 

525 45.69 0.24 0.5% 383 402.82 19.46 4.8% 

524 46.97 0.24 0.5% 382 403.76 19.72 4.9% 

523 48.27 0.25 0.5% 381 404.75 20.01 4.9% 

522 49.62 0.26 0.5%         
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Appendix B – Experimental Dissolution Rates 

Table 4: Dissolution Rates, concentrations, and mass for the 0.01g/mL S:L ammonium carbonate 

experiments. 

(NH4)2CO3 

[M] 

H2O2 

[M] 

UO2 

[g] 

Rate 

[mmole/min] 

Uncertainty 

[mmole/min] 

Rate 

[mmole/min·cm
2
] 

Uncertainty 

[mmole/min·cm
2
] 

0.40 0.4 0.287 6.81E-04 4.73E-05 1.53E-04 1.07E-05 

0.40 0.7 0.219 7.37E-04 4.73E-05 2.17E-04 1.40E-05 

0.40 1.0 0.258 9.24E-04 4.73E-05 2.31E-04 1.19E-05 

0.40 1.3 0.283 1.17E-03 4.73E-05 2.67E-04 1.08E-05 

0.70 0.4 0.295 8.57E-04 4.73E-05 1.88E-04 1.04E-05 

0.70 0.7 0.238 8.94E-04 4.73E-05 2.43E-04 1.29E-05 

0.70 1.0 0.281 1.17E-03 4.73E-05 2.68E-04 1.09E-05 

0.70 1.3 0.227 1.06E-03 4.73E-05 3.01E-04 1.35E-05 

1.00 0.4 0.281 7.48E-04 4.73E-05 1.72E-04 1.09E-05 

1.00 0.7 0.266 9.73E-04 4.73E-05 2.36E-04 1.15E-05 

1.00 1.0 0.243 1.05E-03 4.76E-05 2.79E-04 1.27E-05 

1.00 1.3 0.246 1.31E-03 4.76E-05 3.45E-04 1.25E-05 

1.13 0.4 0.301 8.67E-04 4.73E-05 1.86E-04 1.02E-05 

1.13 0.7 0.415 1.58E-03 4.73E-05 2.45E-04 7.40E-06 

1.13 1.0 0.263 1.14E-03 4.73E-05 2.79E-04 1.17E-05 

1.13 1.1 0.282 1.46E-03 4.73E-05 3.34E-04 1.09E-05 
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Table 5: Dissolution Rates, concentrations, and mass for the 0.04g/mL S:L ammonium carbonate 

experiments. 

(NH4)2CO3 

 [M] 

H2O2  

[M] 

UO2  

[g] 

Rate 

[mmole/min] 

Uncertainty 

[mmole/min] 

Rate  

[mmole/min·cm
2
] 

Uncertainty 

[mmole/min·cm
2
] 

0.7 0.3 1.111 1.76E-03 2.04E-04 1.02E-04 1.19E-05 

0.7 0.5 1.064 2.91E-03 2.04E-04 1.77E-04 1.24E-05 

0.7 0.6 1.088 3.69E-03 2.04E-04 2.19E-04 1.21E-05 

0.7 0.7 1.065 3.79E-03 2.04E-04 2.30E-04 1.24E-05 

0.7 0.8 1.084 3.95E-03 2.04E-04 2.36E-04 1.22E-05 

0.7 0.9 1.335 3.79E-03 2.25E-04 1.83E-04 1.09E-05 

0.7 1.1 1.098 4.26E-03 2.04E-04 2.51E-04 1.20E-05 

0.7 1.3 1.117 4.62E-03 2.04E-04 2.67E-04 1.18E-05 

0.7 1.65* 1.034 6.34E-03 3.50E-04 3.96E-04 2.19E-05 

0.7 1.8* 1.056 6.04E-03 3.50E-04 3.70E-04 2.14E-05 

0.7 2.1* 1.039 6.70E-03 3.50E-04 4.17E-04 2.18E-05 

0.7 2.4* 1.034 6.89E-03 3.50E-04 4.30E-04 2.19E-05 

0.7 2.7* 1.146 8.16E-03 3.50E-04 4.60E-04 1.97E-05 

0.7 3.1* 1.082 8.55E-03 3.50E-04 5.11E-04 2.09E-05 

0.7 3.4* 1.083 8.81E-03 3.50E-04 5.26E-04 2.09E-05 

0.7 3.8* 1.079 1.01E-02 3.50E-04 6.04E-04 2.10E-05 

0.4 0.7 1.039 3.10E-03 2.04E-04 1.93E-04 1.27E-05 

0.7 0.7 1.095 3.66E-03 2.04E-04 2.16E-04 1.21E-05 

1.0 0.7 1.065 3.79E-03 2.04E-04 2.30E-04 1.24E-05 

1.3 0.7 1.065 4.22E-03 2.04E-04 2.56E-04 1.24E-05 

1.5 0.7 1.053 3.99E-03 2.04E-04 2.45E-04 1.25E-05 

* - corrected for temperature 

 

Table 6: Dissolution Rates, concentrations, and mass for the 0.01g/mL S:L sodium carbonate experiments. 

Na2CO3  

[M] 

H2O2  

[M] 

UO2  

[g] 

Rate 

[mmole/min] 

Uncertainty 

[mmole/min] 

Rate  

[mmole/min·cm
2
] 

Uncertainty 

[mmole/min·cm
2
] 

0.40 0.4 0.207 3.75E-04 4.73E-05 1.17E-04 1.48E-05 

0.40 0.7 0.241 5.85E-04 4.61E-05 1.57E-04 1.24E-05 

0.40 0.7 0.298 9.19E-04 4.29E-05 1.99E-04 9.31E-06 

0.40 1.0 0.280 1.01E-03 4.61E-05 2.34E-04 1.07E-05 

0.40 1.3 0.245 1.12E-03 4.61E-05 2.96E-04 1.22E-05 

0.70 0.4 0.291 5.94E-04 4.61E-05 1.32E-04 1.02E-05 

0.70 0.7 0.248 8.17E-04 4.61E-05 2.13E-04 1.20E-05 

0.70 0.7 0.290 1.01E-03 4.29E-05 2.25E-04 9.57E-06 
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Na2CO3  

[M] 

H2O2  

[M] 

UO2  

[g] 

Rate 

[mmole/min] 

Uncertainty 

[mmole/min] 

Rate  

[mmole/min·cm
2
] 

Uncertainty 

[mmole/min·cm
2
] 

0.70 0.7 0.211 7.45E-04 4.73E-05 2.28E-04 1.45E-05 

0.70 1.0 0.274 1.08E-03 4.61E-05 2.55E-04 1.09E-05 

0.70 1.3 0.270 1.37E-03 4.61E-05 3.29E-04 1.11E-05 

0.70 1.3 0.303 1.12E-03 4.29E-05 2.39E-04 9.17E-06 

1.00 0.4 0.299 6.21E-04 4.73E-05 1.34E-04 1.02E-05 

1.00 0.7 0.244 7.78E-04 4.61E-05 2.06E-04 1.22E-05 

1.00 0.7 0.341 1.17E-03 4.29E-05 2.21E-04 8.15E-06 

1.00 1.0 0.216 9.16E-04 4.61E-05 2.74E-04 1.38E-05 

1.00 1.3 0.234 1.18E-03 4.61E-05 3.24E-04 1.28E-05 

1.13 0.4 0.267 4.53E-04 4.61E-05 1.10E-04 1.12E-05 

1.13 0.4 0.268 5.60E-04 4.73E-05 1.35E-04 1.14E-05 

1.13 0.7 0.247 7.04E-04 4.61E-05 1.84E-04 1.21E-05 

1.13 0.7 0.329 1.11E-03 4.29E-05 2.18E-04 8.44E-06 

 

Table 7: Dissolution Rates, concentrations, and mass for the 0.01g/mL S:L sodium carbonate experiments. 

Na2CO3 

[M] 

H2O2 

[M] 

UO2 

[g] 

Rate 

[mmole/min] 

Uncertainty 

[mmole/min] 

Rate 

[mmole/min·cm
2
] 

Uncertainty 

[mmole/min·cm
2
] 

0.40 0.4 0.207 3.75E-04 4.73E-05 1.17E-04 1.48E-05 

0.40 0.7 0.241 5.85E-04 4.61E-05 1.57E-04 1.24E-05 

0.40 0.7 0.298 9.19E-04 4.29E-05 1.99E-04 9.31E-06 

0.40 1.0 0.280 1.01E-03 4.61E-05 2.34E-04 1.07E-05 

0.40 1.3 0.245 1.12E-03 4.61E-05 2.96E-04 1.22E-05 

0.70 0.4 0.291 5.94E-04 4.61E-05 1.32E-04 1.02E-05 

0.70 0.7 0.248 8.17E-04 4.61E-05 2.13E-04 1.20E-05 

0.70 0.7 0.290 1.01E-03 4.29E-05 2.25E-04 9.57E-06 

0.70 0.7 0.211 7.45E-04 4.73E-05 2.28E-04 1.45E-05 

0.70 1.0 0.274 1.08E-03 4.61E-05 2.55E-04 1.09E-05 

0.70 1.3 0.270 1.37E-03 4.61E-05 3.29E-04 1.11E-05 

0.70 1.3 0.303 1.12E-03 4.29E-05 2.39E-04 9.17E-06 

1.00 0.4 0.299 6.21E-04 4.73E-05 1.34E-04 1.02E-05 

1.00 0.7 0.244 7.78E-04 4.61E-05 2.06E-04 1.22E-05 

1.00 0.7 0.341 1.17E-03 4.29E-05 2.21E-04 8.15E-06 

1.00 1.0 0.216 9.16E-04 4.61E-05 2.74E-04 1.38E-05 

1.00 1.3 0.234 1.18E-03 4.61E-05 3.24E-04 1.28E-05 

1.13 0.4 0.267 4.53E-04 4.61E-05 1.10E-04 1.12E-05 

1.13 0.4 0.268 5.60E-04 4.73E-05 1.35E-04 1.14E-05 

1.13 0.7 0.247 7.04E-04 4.61E-05 1.84E-04 1.21E-05 

1.13 0.7 0.329 1.11E-03 4.29E-05 2.18E-04 8.44E-06 
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Na2CO3 

[M] 

H2O2 

[M] 

UO2 

[g] 

Rate 

[mmole/min] 

Uncertainty 

[mmole/min] 

Rate 

[mmole/min·cm
2
] 

Uncertainty 

[mmole/min·cm
2
] 

1.13 1.0 0.251 1.03E-03 4.61E-05 2.65E-04 1.19E-05 

1.13 1.1 0.266 1.36E-03 4.61E-05 3.29E-04 1.12E-05 

 

Table 8: Dissolution Rates, temperature, and mass used for temperature studies with sodium carbonate. 

Temp. 

[°K] 

UO2 

[g] 

Rate 

[mmole/min] 

Uncertainty 

[mmole/min] 

Rate 

[mmole/min·cm
2
] 

Uncertainty 

[mmole/min·cm
2
] 

293 1.022 1.85E-03 2.03E-04 1.17E-04 1.29E-05 

295 1.066 2.06E-03 2.03E-04 1.25E-04 1.23E-05 

297 1.062 2.68E-03 2.03E-04 1.63E-04 1.24E-05 

299 1.053 3.09E-03 2.03E-04 1.90E-04 1.25E-05 

300 1.074 2.93E-03 2.18E-04 1.76E-04 1.31E-05 

302 1.053 3.68E-03 2.03E-04 2.26E-04 1.25E-05 

304 1.028 4.03E-03 2.18E-04 2.53E-04 1.37E-05 

All experiments performed in 0.7M Na2CO3 and 0.7M H2O2 

 

Table 9: Dissolution Rates, concentrations, and mass for the 0.01g/mL S:L potassium carbonate 

experiments. 

K2CO3 

[M] 

H2O2 

[M] 

UO2 

[g] 

Rate 

[mmole/min] 

Uncertainty 

[mmole/min] 

Rate 

[mmole/min·cm
2
] 

Uncertainty 

[mmole/min·cm
2
] 

0.4 0.4 0.263 3.67E-04 2.37E-05 9.00E-05 5.82E-06 

0.4 0.7 0.238 5.01E-04 2.37E-05 1.36E-04 6.43E-06 

0.4 1 0.254 7.07E-04 3.35E-05 1.80E-04 8.53E-06 

0.4 1.3 0.242 7.88E-04 4.85E-05 2.10E-04 1.30E-05 

0.7 0.4 0.265 3.51E-04 4.73E-05 8.55E-05 1.15E-05 

0.7 0.4 0.283 4.73E-04 4.29E-05 1.08E-04 9.79E-06 

0.7 0.7 0.230 4.85E-04 4.73E-05 1.36E-04 1.33E-05 

0.7 0.7 0.323 7.64E-04 4.29E-05 1.53E-04 8.59E-06 

0.7 1 0.293 8.50E-04 4.73E-05 1.87E-04 1.04E-05 

0.7 1 0.276 8.81E-04 4.29E-05 2.06E-04 1.01E-05 

0.7 1.3 0.239 8.90E-04 4.73E-05 2.41E-04 1.28E-05 

0.7 1.3 0.294 1.15E-03 4.29E-05 2.53E-04 9.45E-06 

1 0.4 0.271 4.24E-04 2.37E-05 1.01E-04 5.65E-06 

1 0.4 0.275 4.74E-04 4.74E-05 1.11E-04 1.12E-05 

1 0.7 0.295 7.42E-04 2.37E-05 1.63E-04 5.20E-06 

1 0.7 0.315 7.27E-04 3.46E-05 1.49E-04 7.11E-06 

1 1 0.331 8.65E-04 2.37E-05 1.69E-04 4.65E-06 

1 1 0.252 9.24E-04 4.74E-05 2.37E-04 1.22E-05 

1 1.3 0.284 1.01E-03 2.37E-05 2.29E-04 5.43E-06 
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K2CO3 

[M] 

H2O2 

[M] 

UO2 

[g] 

Rate 

[mmole/min] 

Uncertainty 

[mmole/min] 

Rate 

[mmole/min·cm
2
] 

Uncertainty 

[mmole/min·cm
2
] 

1 1.3 0.289 1.06E-03 4.74E-05 2.38E-04 1.06E-05 

1.13 0.4 0.324 4.07E-04 2.37E-05 8.11E-05 4.74E-06 

1.13 0.4 0.212 4.88E-04 4.74E-05 1.49E-04 1.45E-05 

1.13 0.7 0.252 5.12E-04 2.37E-05 1.31E-04 6.09E-06 

1.13 0.7 0.349 9.01E-04 4.29E-05 1.67E-04 7.95E-06 

1.13 1 0.241 6.50E-04 4.74E-05 1.74E-04 1.27E-05 

1.13 1 0.261 7.87E-04 4.74E-05 1.95E-04 1.18E-05 

1.13 1 0.223 8.58E-04 4.74E-05 2.49E-04 1.38E-05 

1.13 1.3 0.251 8.12E-04 4.74E-05 2.09E-04 1.22E-05 

1.13 1.3 0.262 1.26E-03 4.74E-05 3.10E-04 1.17E-05 

 

Table 10: Dissolution Rates, temperature, and mass used for the temperature studies with potassium 

carbonate. 

Temp. 

[°K] 

UO2 

[g] 

Rate 

[mmole/min] 

Uncertainty 

[mmole/min] 

Rate 

[mmole/min·cm
2
] 

Uncertainty 

[mmole/min·cm
2
] 

301 0.535 1.18E-03 1.70E-05 1.43E-04 2.09E-06 

302 0.563 1.34E-03 2.53E-05 1.53E-04 2.94E-06 

304 0.497 1.33E-03 3.94E-05 1.73E-04 5.14E-06 

307 0.519 1.68E-03 5.16E-05 2.09E-04 6.45E-06 

309 0.524 1.93E-03 5.23E-05 2.38E-04 6.48E-06 

All experiments performed in 0.7M K2CO3 and 0.7M H2O2 
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Appendix C – Uncertainty Analysis 

 

 The purpose of this section is to explain the uncertainty analysis used in this 

thesis. All uncertainty given in this thesis is one standard deviation. This section will take 

an arbitrary set of points representing sample measurements and follow their analysis to 

slope uncertainty calculation. The same methods were used for the calculation of all 

slopes as well as the slopes of the reaction orders and activation energies. 

 A hypothetical experiment was performed which included the dissolution of 0.3g 

of uranium dioxide in 25mL of carbonate and peroxide solution. Every ten minutes, an 

80μL sample was taken, centrifuged, and added to 435μL of ammonium carbonate and 

hydrogen peroxide. These samples, totaling 515μL were then measured. The 

measurement has returned set of absorbances measured at 471nm seen in Table 11. 

During these measurements, a solution containing water and ammonium carbonate is 

used as a baseline to remove any absorbance caused by these chemicals. 

Table 11: Absorbances from hypothetical experiment. 

Time [min] Absorbance 

0 0.002 

10 0.171 

20 0.343 

30 0.514 

40 0.686 

50 0.771 

60 0.857 

 

This absorbance was plugged into the Beer-Lambert equation and then multiplied 

by  
    

   
, where ε is the extinction coefficient (171.3±1.2 M

-1
cm

-1
 in this case) and l is the 

length (1 cm).  The uncertainty of this value will vary depending on the exact value used, 

as the Kline-McClintock method includes the multiplication of the relative uncertainty by 

the result. [50] Instead, the constant uncertainty of ±0.053mM was used, as this is the 

maximum uncertainty between the calibration line and the measured results during 

calibration. This approach was designed to maximize the uncertainty given by the 

calibration line and thus give the most conservative uncertainty. It also has the advantage 

of giving a constant uncertainty, which will be important in the next step. The results of 

the above calculation can be seen in Table 12. 
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Table 12: Uranium concentrations derived from absorbances in a hypothetical experiment. 

Time  

[min] 

Uranium Concentration  

[mM] 

Uncertainty 

 [mM] 

0 0.012 0.053 

10 0.998 0.053 

20 2.002 0.053 

30 3.001 0.053 

40 4.005 0.053 

50 4.501 0.053 

60 5.003 0.053 

 

These results can then be converted back to the concentration in solution by 

assuming all of the uranium in the test sample came from the sample gathered from the 

solution. (See also Table 13.) 

          

                      

           

 The uncertainty for these values, as both of them are assumed to be perfect, is 

simply the uncertainty multiplied by 80μL and divided by 515μL. 

        
    

     
         

Table 13: Derived concentrations in dissolution solution from hypothetical experiment. 

Time 

 [min] 

Uranium Conc. In Solution  

[mM] 

Uncertainty  

[mM] 

0 0.075 0.341 

10 6.426 0.340 

20 12.890 0.340 

30 19.316 0.340 

40 25.780 0.340 

50 28.974 0.340 

60 32.206 0.340 

 

Finally, this can be converted from concentration to moles by multiplying this 

value by the volume of solution. As mentioned in the results discussion, this value is 
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assumed to be constant throughout the entire dissolution process. Again, as this volume is 

assumed to be constant, the uncertainty in the concentration is simply the uncertainty 

multiplied by the same constant. These values for the hypothetical experiment appear in 

Table 14. 

Table 14: Derived uranium dissolved in a hypothetical experiment. 

Time  

[min] 

Uranium Dissolved 

[mmole] 

Uncertainty 

 [mmole] 

0 0.002 0.009 

10 0.161 0.009 

20 0.322 0.009 

30 0.483 0.009 

40 0.645 0.009 

50 0.724 0.009 

60 0.805 0.009 

 

 These data points are then graphed, as can be seen in Figure 24. Linear least-

squares regression is then used to determine the best-fit line through all of the points. 

This line is forced to go through zero at time zero. In this particular example, the data 

begins to plateau after 40 minutes into the experiment. For this reason, only the first 40 

minutes are used to produce this trend line. The slope value given is 0.0161mmole/min. 

 

Figure 24: Plotted mmole of uranium dissolved at each sample time for a hypothetical experiment. 
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The uncertainty in this value is then calculated using the following method. 

             √
 

 
 

  (  ∑  
 )  (∑  )

 

 

Where σslope is the uncertainty in the slope, σpoint is the uncertainty in the data points, n is 

the degrees of freedom, and θk is the x-coordinate that the k-th data point was taken at. 

[51] In the case in which σpoint varies between data points, as is the case in many of the 

reaction order and activation energy calculations, the highest uncertainty was used as it is 

the most conservative uncertainty. 

 For our hypothetical experiment, this results in the following uncertainty. 

  (  (                  ))   (             )        

             √
 

    
                  

This gives a final slope of 0.0161±0.0003 mmole/min. To convert this rate per surface 

area, it is divided by mass multiplied by the average area per mass. This average mass is 

15.48±0.04cm
2
/g. 

    

   ̅
           

      

                
                        

Uncertainty is calculated for this value using the Kline-McClintock Method, giving 

0.0035±0.0002mmole·cm
-2

·min
-1

.This value is then used for the slope given by this 

experiment. 



 

 




