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ABSTRACT 

The focus of this study was to observe the effects of low carbonate and bicarbonate ion 
concentrations on dissolution rates of simulated spent nuclear fuel (SNF) under oxidizing and 
reducing conditions, and compare results to dissolution rates in solutions with added carbonate 
and bicarbonate ions.  Dissolved oxygen and hydrogen were controlled in the experiments for 
establishing redox condtions.  A literature survey, short-term electrochemical experiments and 
two-month-long leaching experiments were conducted.  Literature information suggests that 
SNF dissolution rates should be lower in the absence of carbonate and bicarbonate ions under 
oxidizing conditions, but that these ions should have little effect under reducing conditions.  The 
short-term electrochemical tests were conducted under both oxidizing and reducing conditions.  
The dissolved oxygen concentration under oxidizing conditions was approximately 8 ppm and 
the dissolved hydrogen concentration under reducing conditions was approximately 0.062 ppm.  
In the leaching experiments, which were conducted under reducing conditions, the dissolved 
hydrogen concentration was approximately 1 mM.  The test solution used for all the experiments 
was a modified granitic groundwater solution that was prepared without any added bicarbonate.  
The results are compared to previously reported results from experiments that used a granitic 
groundwater to which bicarbonate was added. 

Both the electrochemical and leaching tests were conducted using SIMFUEL samples 
consisting of (i) pure UO2, (ii) simulated burnup equivalent to 35 GW-day/MTU, and 
(iii) simulated burnup equivalent to 60 GW-day/MTU.  Under oxidizing conditions, the dissolution 
rates of the SIMFUEL samples were found to be higher in the absence of carbonate and 
bicarbonate compared to the solution prepared with bicarbonate.  Under reducing conditions 
with dissolved hydrogen concentration of approximately 31μM, the dissolution rates for the three 
SIMFUEL samples were higher in the solution prepared without bicarbonate compared to the 
solution prepared with bicarbonate.  However, when dissolved hydrogen was approximately 
1 mM, the dissolution rates in the modified granitic water solution were lower compared to the 
granitic water solution prepared with bicarbonates.  No specific conclusions can be drawn with 
the limited data generated under this work, but the dissolution rates under reducing conditions 
were too high for the fractional release rate to be below 10−6/yr. 
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1 BACKGROUND AND LITERATURE REVIEW 

This work was conducted to study the effects of carbonate and bicarbonate ions on dissolution 
of simulated spent nuclear fuel (SNF) under oxidizing and reducing conditions.  The work is a 
continuation of prior studies reported in Shukla et al. (2016).  A body of literature exists on the 
effects of carbonate and bicarbonate ions on SNF dissolution.  The carbonate and bicarbonate 
ions coexist in a solution and their relative concentrations are dependent on pH.  An example of 
this phenomenon is presented in Figure 1-1 (Shukla et al., 2006), which shows equilibrium 
concentrations of carbonate (CO32−), bicarbonate (HCO3−), and carbonic acid (H2CO3) in a 1 M 
NaCl solution. 

Oversby and Konsult (1999) stated that both pH and bicarbonate ions affect SNF dissolution.  
The authors stated that the presence of bicarbonate ions in an aqueous solution will increase 
the solubility of U(VI) and will stabilize that oxidation state in solution relative to U(IV).  
Therefore, addition of bicarbonate to an otherwise unreactive dissolution medium (i.e., a 
medium that would not promote SNF dissolution) is expected to increase the dissolution rate of 
uranium dioxide. 

Hossian et al. (2006) reported the effects of bicarbonate on the kinetics of UO2 oxidation in the 
presence of hydrogen peroxide (H2O2).  They reported that the kinetic rate constant increases 
linearly with increasing bicarbonate ion concentration up to 1 mM.  Beyond 1 mM of 
bicarbonate, the dissolution rate of UO2 matrix was controlled by the UO2 oxidation rate 
(i.e., bicarbonate ions had no effect on the UO2 oxidation rate beyond 1 mM).   

Carbol et al. (2005) reported that the presence of 43 mM dissolved hydrogen in bicarbonate 
containing solutions inhibited the oxidation and dissolution of mixed oxide fuel.  Ferry et al. 
(2005) reported that U(VI) complexes with carbonate/bicarbonate to form UO2(CO3)34− and 
UO2(CO3)2−, which are highly stable and thus increase the solubility of uranium in solution.  
Shoesmith (2007) also stated that in the presence of bicarbonate, the formation of U(VI) salt 
deposits would be inhibited and the fuel corrosion process possibly accelerated by the formation 
of bicarbonate-uranyl ion complexes.  Both Shoesmith (2007) and Ferry et al. (2005) concluded 
that the presence of carbonates (i.e., carbonate and bicarbonate) results in increased 
dissolution rates of the SNF matrix in the presence of oxygen. 

Grambow et al. (2000), Shoesmith (2007), Shoesmith and Sunder (1998), and Röllin et al. 
(2001) studied the influence of hydrogen peroxide in alkaline solutions on the dissolution of 
SIMFUEL with or without carbonates.  These studies showed that the presence of dissolved 
carbonates favors the release of U(VI) but also catalyzes the reduction of H2O2 on the surface of 
UO2 pellets.  In total, the authors concluded that carbonates accentuate the UO2 dissolution rate 
by a factor of 10 to 50 in the presence of dissolved oxygen.  

Shoesmith (2007) stated that as redox conditions become less oxidizing, carbonates become 
less effective at promoting UO2 dissolution.  The generation of acidity within the corrosion 
product deposits is unlikely, and since the corrosion rate becomes limited by the available 
concentration of oxidants, the influence of bicarbonate on the corrosion rate disappears.  
Therefore, under reducing conditions, carbonate species are not expected to influence SNF 
dissolution.   

Hocking et al. (1994) reported that carbonate concentrations did not influence the UO2 
dissolution process in the presence of oxygen.  Based on electrochemical experiments on 
CANDU fuel pellets using different aqueous solutions and dissolved oxygen concentrations, the  
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Figure 1-1.  Speciated concentration of carbonate, bicarbonate, and carbonic acid in a 

1 M NaCl solution (Shukla et al., 2006) 
authors concluded that the UO2 dissolution rate varies linearly with the oxygen concentration, 
and that it remains independent of the carbonate concentration.  The Hocking et al. (1994) 
results stand in contrast to most studies. 

In summary, a large body of literature suggests that the SNF dissolution rate accelerates with 
increased dissolved carbonates under oxidizing conditions, up to some level.  In addition, some 
studies suggest that carbonates may not play any role in SNF dissolution under reducing 
conditions.  Considering the lack of clarity on the role of carbonates under reducing conditions, 
this work was conducted to generate data that may shed light on carbonate effects.  Short-term 
electrochemical and long-term leaching experiments were conducted in a modified granitic 
groundwater that was prepared without adding bicarbonate salts.  Experiments conducted in a 
solution prepared using bicarbonate salts were reported in Shukla et al. (2016) and results from 
that work were used to compare the data and results in the modified and original granitic 
groundwater solutions.  Details of the experimental method and procedure used for the short- 
and long-term experiments are described in Chapter 2.  Experimental data and results are 
provided in Chapter 3.  A summary and discussion of this work are in Chapter 4. 
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2 EXPERIMENTAL DETAILS 

2.1 SIMFUEL Samples and Test Solution 

The experiments were conducted with SIMFUEL specimens in contact with a modified saline 
simulated granitic groundwater at a near-neutral pH, i.e., with calculated pH of 7, and elevated 
concentrations of Na+ and Cl− ions.  The SIMFUEL samples included pure UO2, a 35 GW-
day/MTU burnup equivalent, and a 60 GW-day/MTU burnup equivalent.  Details of the original 
test solution and the SIMFUEL samples used in this work were provided in Shukla el al. (2016). 
 

Table 2-1 lists the calculated recipe for producing a 10× concentrate of the modified saline 
simulated groundwater test solution; reagent grade chemicals were used.  The modified granitic 
groundwater solution was prepared without bicarbonate salt.  (The original test solution, which 
was prepared with a bicarbonate salt, was described in Shukla et al. [2016]).  The salt amounts 
listed in the table were added to 1 L of deionized water.  Following this, an additional 9 L of 
water was added to dilute the solution. 

2.2 Electrochemical Tests 

For each SIMFUEL specimen, the electrochemical experiments were conducted under oxidizing 
and reducing conditions:   

1. Saturated oxygen condition by bubbling the solution with 1.02 atmg [15 psig] 
compressed air. 

2. Saturated hydrogen (and low to negligible oxygen) condition by bubbling the solution 
with 8.84 atmg [130 psig] of a mixture of 4 percent H2 plus 96 percent N2. 

Electrochemical impedance spectroscopy was used to measure the SIMFUEL dissolution rates.  
The dissolved oxygen concentration under Condition 1 was approximately 8 ppm, and dissolved 
oxygen was undetectable under Condition 2.  The dissolved hydrogen concentration under 
Condition 2 was estimated to be 31 μM (Shukla et al., 2016).  Details of the experimental setup 
and procedure used to carry out the experiments were described in Shukla et al. (2016). 

2.3 Leaching Tests 

In addition to the electrochemical tests, leaching experiments were conducted to determine 
dissolution rates using leachate concentrations.  The objective of these experiments was to 
measure the dissolution rate under higher hydrogen fugacity {compared to 2.0 × 10−2 to  
4.0 × 10‒2 atm [0.29–0.59 psi] in the electrochemical tests} and a higher dissolved hydrogen 
concentration that was nearer to 1 mM.  This concentration of dissolved hydrogen can be 
achieved when the fugacity of the hydrogen is close to 1.3 atm [19.1 psi].  The leaching tests 
were conducted for 64 days.  Details of the experimental setup and procedure for the leaching 
tests were also provided in Shukla et al. (2016). 
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Table 2-1.  Recipe for preparing a 10× concentration of simulated granitic groundwater 
Reagent Amount of Reagent (Grams/Liter Solution) 

NaCl 38.0 
KCl 0.3 
Na2SO4 10.0 
CaCl2·2H2O 15.0 
MgCl2·6H2O 6.0 
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3 EXPERIMENTAL DATA AND RESULTS 

The electrochemical and leaching test data and dissolution rate estimates are presented and 
described in this section. 

3.1  Electrochemical Data 

The collected electrochemical data included (1) electrode potential versus time and 
(2) electrochemical impedance spectroscopy. 

3.1.1 Electrode Potential  

Figure 3-1 shows the electrode potential of the UO2, 35 GW-day/MTU (BU35) burnup equivalent 
SIMFUEL, and 60 GW-day/MTU (BU60) burnup equivalent SIMFUEL electrodes as a function 
of time in the modified simulated granitic groundwater under two conditions at 22 °C [72 °F].  
These conditions were (1) 1.02 atmg [15 psig] air and (2) 8.84 atmg [130 psig] 4 percent H2 plus 
96 percent N2.  In each experiment, the electrodes were polarized to −1.0 VSCE for 10 minutes 
before letting them rest at the open circuit potential for 16 hours.  The electrode potentials were 
measured during and immediately following the impedance measurements.  As seen in 
Figure 3-1, the electrode potentials reached steady state in about 15–20 hours after initial 
polarization.  The steady-state values of the electrode potential are the corrosion potentials of 
the electrodes. 

Dissolved oxygen concentrations of the test solutions were measured immediately after the 
electrochemical tests (Tables 3-1).  These measurements were conducted while the corrosion 
cell was inside a glove box.  An oxygen-free environment was maintained inside the glove box 
under both conditions by flowing nitrogen gas through the glove box chamber.  The measured 
oxygen concentrations are highest for Condition 1, under which air at 1.02 atmg [15 psig] was 
bubbled through the solution.  This result was anticipated because the solution is expected to be 
saturated with oxygen under Condition 1.  The measured oxygen concentrations were below the 
lower detection limit (<0.005 ppm) of the oxygen meter for Condition 2, under which the H2 and 
N2 mixture was bubbled through the test solution.  This was anticipated, because the nitrogen in 
the gas mixture is expected to purge the oxygen in the solution.   

The corrosion potentials of the UO2, BU35, and BU60 electrodes under oxidizing conditions are 
in the range of 0 to 0.1 VSCE, as seen in Figures 3-1(a), 3-1(b), and 3-1(c), respectively.  The 
corrosion potential values for the three electrodes under oxidizing conditions are in the same 
range as the values collected for the simulated granitic water containing bicarbonate ions under 
oxidizing conditions (Shukla et al., 2016).  This indicates that the corrosion potentials of UO2 
under oxidizing conditions were not affected when bicarbonate salt was not added to the 
modified granitic water solution. 

The corrosion potentials under reducing conditions for the UO2 electrode are approximately  
–0.4 VSCE in Figure 3-1(a).  The corrosion potential values for the UO2 electrode under Condition 
2 (reducing conditions) are close to the data collected for the simulated granitic water prepared 
using bicarbonate salt (Shukla et al., 2016).  The same observation is made for the 35 GW-
day/MTU and 60 GW-day/MTU electrodes.  The corrosion potentials for the 35 GW-day/MTU 
are in the range of –0.4 to –0.6 VSCE [Figure 3-1(b)] and the corrosion potentials for the 60 GW-
day/MTU were in the range of −0.5 to −0.7 VSCE [Figure 3-1(c)].  The values of the corrosion 
potentials overlap with data collected in the simulated granitic groundwater with bicarbonate  
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(a) UO2 (b) 35 GW-day/MTU 

 
(c) 60 GW-day/MTU 

 
Figure 3-1.  Working electrode potential (Ewe) with respect to saturated calomel 

electrode versus time for (a) UO2, (b) 35 GW-day/MTU, and (c) 60 GW-day/MTU burnup 
equivalent SIMFUEL specimens under Condition 1 and 2 
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Table 3-1.  Oxygen concentration in the test solutions immediately after completion 
of the electrochemical experiments 

Test Condition 

Oxygen Concentration (mg/L) 

UO2 35 GW-day/MTU 
burnup 

60 GW-day/MTU 
burnup 

1. 1.02 atmg [15 psig] air 8.79 
7.69 

7.80 
7.70 

8.11 
7.92 

2. 8.84 atmg [130 psig] of 
4 percent H2 plus 96 percent N2 <0.005* <0.005* <0.005* 

*Lower detection limit of the instrument 
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ions.  This indicates that the absence of bicarbonate ions does not affect the corrosion potential 
of 35 and 60 GW-day/MTU electrodes under reducing conditions. 

3.1.2 Electrochemical Impedance Spectroscopy 

Figure 3-2 shows the Bode and phase angle impedance spectra for the UO2 SIMFUEL 
electrode and the 35 GW-day/MTU burnup SIMFUEL electrode under the two conditions in 
modified simulated granitic groundwater.  The Bode and phase angle impedance spectra for 
60 GW-day/MTU burnup SIMFUEL electrode are presented in Figure 3-3. 

Two time constants are observed in the impedance spectra of the three electrodes in  
Figures 3-2 and 3-3.  Identification of the time constants in the electrochemical impedance data 
is important for determining the various physico-chemcial processes.  A time constant in the 
electrochemical impedance data is broadly defined as the inverse of the angular frequency (i.e., 
2π×frequency, when the phase angle is minimal).  The existence of one or multiple time 
constants in an impedance spectrum is recognized when the phase versus frequency plot 
exhibits one or more troughs.  Exact values of the time constants are not important in this 
discussion; instead, the range of frequency where the time constants appear to occur in an 
impedance spectrum is identified and discussed. 

In Figure 3-2(b) for the UO2 SIMFUEL electrode, the impedance data indicate two time 
constants.  The first time constant is associated with the high frequency, and appears to occur 
in the frequency range of 10 Hz to higher frequencies.  The second time constant is apparent in 
the frequency range of 10 Hz to lower frequencies, and appears near 0.001 Hz for Conditions 1 
and 2.  The first time constant represents the ohmic resistance due mainly to the intrinsic 
electrical resistance of the SIMFUEL pellet and resistance of the electrolyte solution to the 
charge flow (Jung et al., 2011).  The second time constant is associated with the polarization 
resistance at the SIMFUEL electrode surface (Jung et al., 2011).   

In Figure 3-2(d) for the 35 GW-day/MTU burnup equivalent SIMFUEL electrode, the impedance 
data also indicate two time constants.  The first time constant is estimated to occur in the 
frequency range of approximately 104 Hz to higher frequencies, and the second time constant is 
apparent in the frequency range of 104 Hz to lower frequencies.  For Condition 1, the frequency 
range associated with the second time constant is estimated to be 10−4 to 104 Hz, with the 
trough being observed near 0.1 Hz in Figure 3-2(d).  The frequency range for the second time 
constant for Condition 2 is approximately 10−8 to 104 Hz, with the trough being observed near 
0.01 Hz in Figure 3-2(d).  The frequency range for the second time constant is based on the 
impedance analysis using an equivalent electrical circuit model presented in Shukla et al. 
(2016).  These results are indicative of very high steady state impedance associated with the 
second time constant.   

In Figure 3-3(b) for the 60 GW-day/MTU burnup equivalent SIMFUEL electrode, the impedance 
data also indicate two time constants.  The first time constant is estimated to occur in the 
frequency range of approximately 104 Hz to higher frequencies, and the second time constant is 
apparent in the frequency range of 104 Hz to lower frequencies.  For Condition 1, the frequency 
range associated with the second time constant is estimated to be 10−4 to 104 Hz, with the 
trough being observed near 0.1 Hz in Figure 3-3(b).  The frequency range for the second time 
constant for Condition 2 is approximately 10−8 to 104 Hz, with the trough being observed near 
0.01 Hz in Figure 3-3(b). 
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(a) Impedance versus frequency for 

UO2 (b) Phase versus frequency for UO2 

    
(c) Impedance versus frequency for 

BU35 (d) Phase versus frequency for BU35 

Figure 3-2.  Electrochemical impedance data for UO2 and BU35 electrodes collected in 
modified simulated groundwater at 22 °C [72 °F] under the two conditions 
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(a) Impedance versus frequency for 

BU60 (b) Phase versus frequency for BU60 

Figure 3-3.  Electrochemical impedance data for BU60 electrode collected in modified 
simulated groundwater at 22 °C [72 °F] under the two conditions 
 

No noticeable change was observed in the impedance spectra collected in the modified granitic 
groundwater solution compared to the solution containing bicarbonates.  This is based on visual 
comparison of the data presented in Figures 3-2 and 3-3, and data in Shukla et al. (2016).  More 
specifically, comparison is made by estimating the dissolution rates (discussed next). 

An electrical circuit model was used to analyze the impedance data in Figures 3-2 to 3-3 using 
the mathematical approach detailed in Shukla (2004).  A circuit model was used to estimate the 
polarization resistance (Rp) associated with the second time constant.  Description of the circuit 
model and associated parameters is provided in Shukla et al. (2016). 

3.2 Dissolution Rate Estimates 

Posttest analyses included the collection of (1) electrochemical impedance spectroscopy data 
and (2) leaching test data.  These data were analyzed to estimate the SNF dissolution rates, as 
described in the following sections. 

3.2.1 Electrochemical Impedance Spectroscopy 

The dissolution (corrosion) rates of the SIMFUEL specimens under the two conditions were 
estimated by fitting the impedance data to the electrical circuit described in Shukla et al. (2016) 
and obtaining the value of the polarization resistance (Rp).  The results are shown in Table 3-2.  
The polarization resistance was normalized with respect to the surface area of the electrode by 
multiplying the polarization resistance value by the electrode surface area (0.54 cm2).   
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Table 3-2.  Estimated polarization resistance of the SIMFUEL specimen 
under the two test conditions 

Test Condition 
Polarization Resistance (Ω) 

UO2 35 GW-day/MTU  60 GW-day/MTU  

1. 1.02 atmg [15 psig] air 
7.32 × 105 (run 1) 
9.68 × 105 (run 2) 
1.15 × 106 (run 3) 

6.63 × 105 (run 1) 
3.00 × 106 (run 2) 

1.26 × 106 (run 1) 
2.82 × 106 (run 2) 

2. 8.84 atmg [130 psig] of  
4 percent H2 plus 96 
percent N2 

9.34 × 105 (run 1) 
6.68 × 105 (run 2) 

4.34 × 106 (run 1) 
1.45 × 107 (run 2) 
1.10 × 107 (run 3) 

1.21 × 107 (run 1) 
1.30 × 107 (run 2) 
9.30 × 106 (run 3) 

 

Normalized polarization resistance values were used to obtain the corrosion current density 
(icorr) using the Stern-Geary equation (1957): 

icorr = B/ Rpa (3-1) 
where 

icorr — corrosion current density [A/cm2] 
Rpa — normalized polarization resistance [Ω-cm2] 
B — composite Tafel parameter [V] 

 
The value of the composite Tafel parameter B was selected to be 25 mV based on literature 
data (Grambow et al., 2000; Carbol et al., 2005).  The dissolution rate was calculated from the 
polarization resistance using Faraday’s law according to Eq. (3-2)  

Dissolution Rate (D) = K2 × icorr × EW (3-2) 
where 

K2 — constant [8.95 × 106 mg−cm2/A/m2/ day] 
EW — equivalent weight for UO2 = 33.75 assuming +6 and −2 

valences for U and O, respectively 
Table 3-3 lists the estimated dissolution rates of the three SIMFUEL electrodes under the two 
conditions.  The SIMFUEL electrodes exhibited very high polarization resistance on the order of 
106–107 Ω, indicating high corrosion resistance.   

The dissolution rates under oxidizing conditions are in the range of 4.66 to 21.1 mg/m2/day for 
the three electrodes.  The dissolution rates under reducing conditions are in the range of 0.96 to 
20.9 mg/m2/day.  The average value of UO2 electrode dissolution rate is higher compared to the 
35 and 60 GW-day/MTU electrodes under both oxidizing and reducing conditions.  
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Table 3-3.  Estimated dissolution rates of the SIMFUEL specimens from the 
electrochemical impedance spectroscopy data 

Test Condition 
Dissolution Rates (mg/m2/day) 

UO2 35 GW-day/MTU 60 GW-day/MTU 

1. 1.02 atmg  
[15 psig] air 

19.1 (run1) 
14.4 (run 2) 
12.1 (run 3) 

Average=15.2 

21.1 (run 1) 
4.66 (run 2) 

Average=12.88 

11.0 (run 1) 
4.94 (run 2) 

Average=7.97 

2. 8.84 atmg 
[130 psig] of  
4 percent H2 plus 
96 percent N2 

14.9 (run 1) 
20.9 (run 2) 

Average=17.9 

3.22 (run 1) 
0.96 (run 2) 
1.27 (run 3) 

Average=1.82 

1.15 (run 1) 
1.07 (run 2) 
1.50 (run 3) 

Average=1.24 

 

3.2.2 Leaching Tests 

Two leaching tests were conducted for 64 days, one each for the 35 and 60 GW-day/MTU 
equivalent samples.  Fresh test solution was used for each test.  The test solutions were 
collected after completion of the experiments and analyzed using inductively coupled plasma-
mass spectrometry.  Uranium concentration data obtained from analysis of the leachate are 
listed in Table 3-4.  The data were used to estimate the dissolution rate according to the 
following equation 

Dissolution Rate (D) = 2.5 × 10‒2 CU/(Spellet × texposure_days × mfu) (3-3) 

where 

The numerical factor on the right hand side of Eq. (3-3) accounts for the 25 mL of granitic water 
used in each experiment.  The estimated surface area of each pellet is approximately  
3.44 × 10‒4 m2 [3.70 × 10‒2 ft2].  The dissolution rates, estimated using the surface area, uranium 
leachate concentration, and exposure time, are listed in Table 3-4. 

The leachate U concentration for the 35 GW-day/MTU sample is lower compared to the 60 GW-
day/MTU sample.  Similarly, the dissolution rate of the 35 GW-day/MTU sample is lower 
compared to the 60 GW-day/MTU sample.   

  

CU — uranium concentration [mg/L] 
Spellet — surface area of the pellet [m2] 
texposure_days — exposure time [days] 
mfu —

  
mass fraction of U in the pellet [0.9633 and 0.9406 for the 35 and  
60 GW-day/MTU samples, respectively] 
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Table 3-4.  Uranium concentrations obtained from chemical analyses of the 
leachate collected after leaching tests and estimated dissolution rates from the 

uranium concentration 

Parameter 35 GW-day/MTU 
Sample 

60 GW-day/MTU 
Sample 

Uranium 
concentration in 
leachate (mg/L) 

1.40 × 10‒2 2.03 × 10‒2 

Dissolution rates 
(mg/m2/day) 1.70 × 10‒2 2.50 × 10‒2 
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4 SUMMARY AND DISCUSSION 

The calculated SIMFUEL dissolution rates obtained using the modified simulated granitic 
groundwater (prepared without bicarbonate ions; this study) and with the granitic groundwater 
prepared with bicarbonate ions (Shukla et al., 2016) are provided in Table 4-1.  An average 
value and values obtained from multiple runs for each sample under various conditions are 
reported.  Under oxidizing conditions, the average dissolution rates tend to be higher in the 
modified simulated groundwater compared to the granitic groundwater solution prepared with 
carbonate ions.  This is counter to what is reported in the literature.  The higher dissolution rates 
in the modified solution could be due to the variability in the impedance data.  

Under reducing conditions with dissolved hydrogen concentration of approximately  
31 μM, the average dissolution rates for the three SIMFUEL samples are higher in the solution 
prepared without bicarbonate compared to the solution prepared with bicarbonates.  However, 
when dissolved hydrogen is approximately 1 mM, the dissolution rates in the modified granitic 
water solution are lower compared to the granitic water solution prepared with bicarbonates. 

 

Table 4-1.  Summary of dissolution rate (mg/m2/day) data obtained in granitic water 
solutions prepared with and without bicarbonate ions 

Parameter (Condition 
and SIMFUEL sample) 

In modified simulated granitic 
ground water (prepared 
without bicarbonates)* 

In simulated granitic 
ground water (prepared 

with bicarbonates)* 
Oxidizing Condition 

UO2 15.2 
(19.1, 14.4, 12.1) 1.47 

35 GW-day/MTU 12.88 
(21.1, 4.66) 

3.35 
(3.62, 3.08) 

60 GW-day/MTU 7.97 
(11.0, 4.94) 6.20 

Reducing Condition  
(dissolved hydrogen of  
approximately 31 μM) 

UO2 17.9 
(14.9, 20.9) 

0.48 
(0.42, 0.66, 0.36) 

35 GW-day/MTU 1.82 
(3.22, 0.96, 1.27) 

0.54 
(0.84, 0.23) 

60 GW-day/MTU 1.24 
(1.15, 1.07, 1.50) 

0.28 
(0.58, 0.17, 0.23, 0.22) 

Reducing Condition  
(dissolved hydrogen of  
approximately 1 mM) 

35 GW-day/MTU 1.70 × 10‒2 2.40 × 10‒2 

60 GW-day/MTU 2.50 × 10‒2 6.10 × 10‒2 
*Whenever available, the average value from multiple runs is used.  In addition, specific values for multiple 
runs are provided directly below the average values. 
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No specific conclusion can be drawn with the limited data generated under this work; however, 
the dissolution rates under reducing conditions are still too high for the fractional release rate to 
be below 10−6/year.  In Shukla et al. (2016), it was determined that fuel dissolution rates lower 
than 1.37 × 10‒2 mg/m2/day would yield fractional release rates lower than 10−6/year. 
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