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Introduction

In FY-10, evaluation of the concept of direct disposal of salt from electrorefining of spent fuel was initiated.  Electrorefining is currently being performed on spent fuel from the Experimental Breeder Reactor-II (EBR-II) using two systems.  One is called the Mark-IV electrorefiner (ER) and is used to process driver fuel containing high-enriched U.  The other is the Mark-V ER and is used to process blanket fuel containing depleted U and a relatively high concentration of Pu-239.  There is approximately 1 metric ton (MT) of salt contained in these electrorefiners.  That amount will increase with further processing of spent fuel over the next 5 to 15 years.  The salt is primarily LiCl-KCl in eutectic ratio but also contains NaCl, UCl3, and numerous fission product and transuranic chlorides.  Active metal species from the spent fuel are converted to chlorides and partition into the salt phase during each and every electrorefining run.  The baseline processing plan is to combine the salt with zeolite-4A and glass frit to form a ceramic waste form.  This ceramic waste form would be considered high level waste (HLW) and would eventually be shipped to a permanent geologic repository.  The problems with this approach include high cost and duration for processing the salt into the ceramic waste form using current facilities and equipment at INL.  The other problem is that this increases the mass of the waste by about a factor of 10.  For these reasons, alternative disposal approaches have been considered.  As originally discussed in the FY-10 progress report, one interesting concept is to dispose of the salt directly into a salt-based repository.  The theory is that the electrorefiner salt would be thermodynamically stable in the presence of the repository salt formations.  

To test this theory, preliminary tests were run in FY-10 to evaluate the stability of LiCl-KCl based salts in water and representative brine solutions.  Samples of pure eutectic LiCl-KCl were subjected to solubility and dissolution rate tests.  Brine solutions were prepared that attempted to mimic the Waste Isolation Pilot Plant (WIPP) brines, G-Seep and ERDA-6.  The compositions and properties of these brines are given in Table 1.  For the FY-10 tests performed, the pH and electrical properties of the brine solutions were not maintained.

Table 1. WIPP brine compositions
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	G-Seep
	ERDA-6

	B3+  (mM)
	20
	63

	Br-  (mM)
	10
	11

	Ca2+  (mM)
	20
	12

	Cl-  (M)
	5.35
	4.8

	K+  (mM)
	770
	97

	Mg2+  (M)
	1.44
	0.019

	Na+  (M)
	1.83
	4.87

	SO42-  (mM)
	40
	170

	TIC  (mM)
	10
	16

	pH
	6.5
	6.17

	Eh (mV)
	
	-152




For the solubility experiments, LiCl-KCl was incrementally added to known volumes of each of the three liquids (water, simulated G-Seep, and simulated ERDA-6) at room temperature.  Solubility limits were established at the point where some residual salt remained undissolved.  For the dissolution rate tests, eutectic LiCl-KCl beads with a uniform 1.3 mm diameter were added in small amounts to the liquids.  The liquids were continuously stirred, and the time required to dissolve all of the beads was recorded.  It was found that the LiCl-KCl solubility in the brine solutions was a factor of 5 to 7 lower than that in water.  Dissolution rates were also lower for the salt in the brine solutions than water—by about a factor of 10.

	In FY 11, more representative salt compositions (not just LiCl-KCl) were used in experiments.  Non-radioactive surrogate salts were still used to minimize the cost involved with the testing.  These surrogate salts were prepared by melting at 500oC and cooled at different rates followed by examination using scanning electron microscopy (SEM) and x-ray fluorescence (XRF).  The SEM images showed what appeared to be two solid phases, but there were no significant differences in elemental composition of the phases based on EDXS point analysis.  Thus the salt continues to be considered to be a homogenous material.  The affect of removing LiCl from the salt was also experimentally studied, since it was hypothesized that the more hygroscopic LiCl might be the cause for rapid dissolution of the LiCl-KCl based salts in brine solutions.  But there was found to be no correlation between LiCl content and kinetic or equilibrium properties of the salt in contact with the brine.

For FY-13, this investigation was extended to include a waste form that could be easily formed by melting the ER salt with glass pre-cursors and rapidly cooling to form a glassy waste form.   During the initial development of the ceramic waste process for ER salt, it was found that the salt was incompatible with borosilicate glasses.  However, Pacific Northwest National Laboratory has recently found that tellurite glasses (78 % tellurium dioxide (TeO2) and 22 % lead oxide (PbO)) are compatible with the salt and appear to form stable waste forms containing up to 10 wt% salt.  This could represent an optimal trade-off between waste processing complexity and waste form performance.  Thus, samples of surrogate electrorefiner salt, tellurite glass with surrogate salt, and glass bonded sodalite with surrogate salt were all compared and subjected to leaching experiments.  In addition to comparing the stability of the two types of waste forms and showing how much they stabilize the salt compared to direct disposal, the data collected in this year of the project can also be used to support future performance assessment calculations for ER salt disposed of in a generic salt repository.

Experimental Methods Description
Surrogate Salt Preparation
Simulated electrorefiner (ER) salt was prepared by mixing the individual salts shown in Table 2 in a magnesia crucible and heating them to 500oC for 14 hrs to allow for the LiCl-KCl to melt and dissolve the other salt compounds.  All salt handling and heating was performed in an argon atmosphere glove box containing less than 10 ppm water and oxygen gas.

Table 2. Composition of surrogate electrorefiner salt.
	
	LiCl-KCl
	NaCl
	CsCl
	RbCl
	SrCl2
	LaCl3
	CeCl3
	NdCl3
	YCl3
	NaI

	Mass (g)
	13.846
	23.077
	4.615
	1.154
	2.308
	2.308
	3.462
	6.923
	1.154
	1.154

	Mass Fraction
	0.231
	0.385
	0.077
	0.019
	0.038
	0.038
	0.058
	0.115
	0.019
	0.019



This salt composition has a relatively high concentration of contaminants, which would be representative of salt waste that had been used to its operating limit in an electrorefiner and perhaps further concentrated using a controlled freezing process to recycle a portion of the LiCl-KCl to the ER.

The salt mixture was heated for ~ 14 hours at 500 °C. After the mass of salt cooled to room temperature, it was removed from the crucible and broken into smaller pieces.  Images of the resulting surrogate ER salt are shown in Figure 1.






Figure 1. Photographs of surrogate electrorefiner salt prior to grinding and sieving.
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After cooling, the salt was broken into smaller pieces and subjected to milling in a blade-type coffee grinder located in the argon atmosphere glove box.

Sodalite Ceramic Waste Form Preparation
Zeolite-4A granules from UOP (45-250 m diameter) were heated to 300oC for 6 hours in the glove box for dehydration of water from the zeolite micropores.  The dried zeolite-4A was then mixed with the surrogate salt particulate at  a 9:1 mass of zeolite (30 g) to mass of salt ratio.  Contained in an MgO crucible, the salt/zeolite mixture was heated to 500oC for 18 hrs to form salt-loaded zeolite-4A.

The salt-loaded zeolite-4A was mixed with glass frit at a mass ratio of 3:1 and heated to 915oC in a graphite crucible for 8 hrs to form a glass bonded sodalite ceramic material with a total mass of 20 grams.  The salt content in the ceramic material was 7.5 wt%.

Tellurite Glass Waste Form Preparation
	The glass utilized for this portion of the research is a lead/tellurite-based powder. It is composed of 78 % tellurium dioxide (TeO2) and 22 % lead oxide (PbO).  A mixture containing 90 wt% of that glass precursor material and 10 wt% of the surrogate ER salt was blended together and heated to 700oC in a platinum crucible for 40 min.  The platinum crucible is shown in the figure below.

Figure 2. Photographs of platinum crucible used for tellurite glass melting.
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After heating for 40 min, the molten glass was poured onto a stainless steel sheet for rapid quenching.  All steps in this process were carried out in the argon atmosphere glove box.

Simulated Brine Solution Preparation
In addition to deionized water, two simulated brine solutions were prepared for performing the leach experiments of the salt, sodalite, and glass waste forms.  Table 3 gives the compositions of these brine solutions.

Table 3. Compositions of Simulated Brine Solutions.
	
	Simulated G-Seep
	Simulated ERDA-6

	NaCl (M)
	1.83
	4.714

	MgCl2 (M)
	1.42
	

	CaSO4 (mM)
	20
	12

	KCl (mM)
	760
	86

	MgSO4 (mM)
	20
	19

	KBr (mM)
	10
	11

	Na2SO4 (mM)
	
	139



Leach Test Procedure
After grinding and sieving each waste form (salt, glass, and sodalite) samples to less than 250 m diameter particle size, 1.0 g of the waste form was placed in 50 mL of leachate. In total, there were six waste-form/leachate combinations. Samples of nominally 0.5 mL were acquired from each of the solutions every 24 hours over seven days of leaching. Diluted samples were prepared for ICP-MS analysis were prepared by combining 43 μL of the leachate and 12.0 mL of nanopure water.

Results and Discussion

Surrogate Salt Dissolution
Leach tests are not really possible with the unstabilized surrogate salt, because it very rapidly dissolves in each of the leachate solutions.  This was confirmed again with tests in with surrogate salt with particle sizes less than 250 m diameter were contacted with water, ERDA-6, and G-Seep.  The particles were visually observed while they dissolved into the liquids.  Complete dissolution was observed at the times given in Table 4.

Table 4. Results of directly adding surrogate salt (<250 m) to leachate solutions.
	Leachate solution
	Water
	Simulated ERDA-6
	Simulated G-Seep

	Dissolution time (sec)
	60
	330
	360



For the case where water was used as the leachate solution, a sample of the solution was taken after dissolution of the salt and analyzed using ICP-MS.  The concentrations measured using ICP-MS were compared to the estimated based on mass of salt and volume of water.  That comparison is shown to be excellent in Figure 3.


Figure 3. Concentration of Deionized Water Leachate after Complete Dissolution of Surrogate Salt Sample—comparing the nominal estimated concentrations to those measured via ICP-MS.


Leaching of Tellurite Glass Waste Form Sample

The tellurite glass sample containing 10 wt% surrogate salt is shown in the photographs in Figure 4.

Figure 4. Photographs of tellurite glass sample containing 10 wt% surrogate ER salt.
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After crushing, milling, and sieving the glass waste form sample to particles less than 250 m in diameter, leach tests were performed in water, simulated ERDA-6, and simulated G-Seep.  Results are shown in the following three figures.  In these plots, the concentration of each species in the leachate solution are plotted versus time in days.  Conditions for the leach tests are given in the experimental method section of this report.  Only when using deionized water was potassium plotted, since K is a major component of both brine solutions.  Its concentration, thus, dwarfs that of the other species and is not meaningful with respect to waste form durability.

Figure 5. Leaching of tellurite waste form containing 10 wt% surrogate ER salt in deionized water.







Figure 6. Leaching of tellurite waste form containing 10 wt% surrogate ER salt in ERDA-6.


Figure 7. Leaching of tellurite waste form containing 10 wt% surrogate ER salt in G-Seep.


Notice that there always appears to be a rapid increase in concentration in the first day of leaching.   This is likely due to salt on the surface of the waste form particles that is readily accessible for rapid dissolution.  The increase in concentration after the first day appears to be relatively slow and is assumed to be dictated by corrosion of the waste form matrix.

Leaching of Glass Bonded Sodalite Ceramic Waste Form Sample

The ceramic waste form sample containing 10 wt% surrogate electrorefiner salt is shown in Figure 8.

Figure 8. Photograph of glass bonded sodalite ceramic waste form sample containing 10 wt% surrogate ER salt.
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After crushing, milling, and sieving the ceramic waste form sample to particles less than 250 m in diameter, leach tests were performed in water, simulated ERDA-6, and simulated G-Seep.  Results are shown in the following three figures.  In these plots, the concentration of each species in the leachate solution are plotted versus time in days.  Conditions for the leach tests are given in the experimental method section of this report.  Only when using deionized water was potassium plotted, since K is a major component of both brine solutions.  Its concentration, thus, dwarfs that of the other species and is not meaningful with respect to waste form durability.

Figure 9. Leaching of ceramic waste form containing 7.5 wt% surrogate ER salt in deionized water.













Figure 10. Leaching of ceramic waste form containing 7.5 wt% surrogate ER salt in ERDA-6.

Figure 11. Leaching of ceramic waste form containing 7.5 wt% surrogate ER salt in G-Seep.


As was also the case for the glass waste form, there always appears to be a rapid increase in concentration in the first day of leaching.   This is also likely due to salt on the surface of the waste form particles that is readily accessible for rapid dissolution.  The concentrations appear to be stable after the first day, possibly indicating that the sodalite waste form is stable in the presence of these leachate solutions.  All release into the liquid appears to occur in the first day for each of the different types of liquid leachate investigated.

Comparisons Between Waste Forms
To facilitate comparison between the two waste forms (tellurite glass and glass bonded sodalite ceramic), the following three plots were made which are organized by leachate solution.  Data from each type of waste form are overlaid for comparative purposes.  The values reported here are grams of each element measured in the leach solution divided by initial grams of that element in the waste form sample.  The waste form leach rates are relatively comparable, but the tellurite glass does appear to be generally more leach resistant.  Or rather the rate of release of salt constituents was found to be usually lower for the glass than the ceramic.  No appreciable increase in net leaching appears to be occurring from Day 1 through Day 7.  This would imply that the only release mechanism on this time scale may be dissolution of salt that is not actually encapsulated in the waste form solid matrix.  Because tellurite is actually melted during its fabrication, it may be slightly more effective at occluding all of the salt into its matrix.  When sodalite is formed, it is believed that some of the salt components are ejected into the glass binder phase.  Since that glass binder was never heated to its melting point or higher, the glass may not be actually dissolved in the glass binder phase in the ceramic.







Figure 12. Leaching comparison between tellurite glass and glass bonded sodalite ceramic in deionized water.















Figure 13. Leaching comparison between tellurite glass and glass bonded sodalite ceramic in ERDA-6.















Figure 14. Leaching comparison between tellurite glass and glass bonded sodalite ceramic in G-Seep.



Conclusions
Experimental investigation of factors affecting disposal of electrorefiner salt in a generic salt repository continued in FY-12.  In addition to surrogate electrorefiner salt samples, glass and ceramic waste forms were fabricated and assessed for leachability.  The same three leachate solutions were used as in previous years of this project—deionized water, simulated ERDA-6 brine, and simulated G-Seep brine.  In this year, the surrogate salt composition was made representative of waste salt after extensive electrorefiner operations and selective extraction of LiCl-KCl from the salt mixture.  As in previous years, it was found that unstabilized salt dissolved quickly in a matter of minutes into each of the leachate solutions.  Both the tellurite glass and sodalite waste forms were substantially more stable.  They performed comparably with the tellurite glass having a slight advantage.  Dissolution of either solid matrix appears to be very slow as the majority of leaching occurred in the first day for each of the tests.  While tellurite is an excellent waste form and would be very simple to produce, it does have the drawback of tellurium oxide being a very expensive material.  Thus, this does not appear to be a solution to the ER salt disposal problem but does motivate further study of glass-based waste forms.  In the case of tellurite, 10 wt% salt can be accommodated in the waste form.  Loadings of this level or higher should be sought for other glass waste formulations. 

The excellent performance of the tellurite glass waste form does not preclude direct disposal of the ER salt without any waste form.  The data from this study will be used in future performance assessment calculations to determine the long term benefit of the waste forms compared to direct disposed salt.
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Mass Fraction (g/g)

Li (ceramic)	1	2	3	4	5	6	7	0.168288618350171	0.16892362677022599	0.170881194641439	0.18740910145554099	0.16476624145846999	0.154263096726479	0.16554128300052001	Rb (ceramic)	1	2	3	4	5	6	7	0	0	0	0	0	0	0	Sr (ceramic)	1	2	3	4	5	6	7	0.16573317589561401	0.15947607910086001	0.16936583381569201	0.150847237289473	0.15811959114235899	0.14877825273071199	0.159675732740719	Cs (ceramic)	1	2	3	4	5	6	7	1.0998627932913899E-2	1.14393380496449E-2	1.35052963490312E-2	1.16097792503406E-2	1.12889541844128E-2	1.1132333945240099E-2	1.13317789542637E-2	Li (tellurite)	1	2	3	4	5	6	7	2.0270211043445001E-2	1.7122994041037301E-2	1.7849287696217301E-2	1.9039252529069101E-2	2.2904066242058499E-2	1.9224283880104501E-2	2.19997883558136E-2	Rb (tellurite)	1	2	3	4	5	6	7	2.47840665403849E-2	2.09360140737616E-2	2.18240418421582E-2	2.3278993028157599E-2	2.8004439646529E-2	2.3505227935445398E-2	2.68987933730069E-2	Sr (tellurite)	1	2	3	4	5	6	7	1.58475727970319E-2	1.33870285803578E-2	1.3954856490378901E-2	1.4885189888196501E-2	1.7906762605535E-2	1.50298503359334E-2	1.71997837980476E-2	Cs (tellurite)	1	2	3	4	5	6	7	5.5492281397495902E-3	4.6876374481565203E-3	4.8864695757751203E-3	5.2122375868540799E-3	6.2702795068441701E-3	5.2628922730682901E-3	6.02272193175291E-3	Time, t (days)
Mass Fraction (g/g)

Li (ceramic)	1	2	3	4	5	6	7	0.115481779189036	0.13580852613260599	0.133586682056025	0.22631223064706499	0.15248980749976401	0.131364258667791	0.173001695393418	Rb (ceramic)	1	2	3	4	5	6	7	0.58300376399242304	0.60792121523286802	0.61077668348950898	0.62631403043580702	0.615298014616804	0.57959070185925698	0.52392123581032801	Sr (ceramic)	1	2	3	4	5	6	7	0.25811037788722002	0.334386095386358	0.29044560931986502	0.45836353326401102	0.27620209536178902	0.28336765309809098	0.33271703387899498	Cs (ceramic)	1	2	3	4	5	6	7	0	0	0	0	0	0	0	Li (tellurite)	1	2	3	4	5	6	7	0.10938101515601301	7.9322188141254094E-2	0.120580062851272	0.12523635493900001	0.14281051683694199	0.16003433836960301	0.16609165373402299	Rb (tellurite)	1	2	3	4	5	6	7	0.13373843775337099	9.6985985237559302E-2	0.147431336296626	0.153124511009329	0.17461216088808901	0.19567145514162501	0.20307763886246	Sr (tellurite)	1	2	3	4	5	6	7	8.5515814146331595E-2	6.2015345982048699E-2	9.4271407426918405E-2	9.7911770502879594E-2	0.11165152927636	0.12511738639037401	0.12985309170624201	Cs (tellurite)	1	2	3	4	5	6	7	2.9944444384776499E-2	2.1715458097428302E-2	3.3010326159551198E-2	3.4285045353383302E-2	3.9096195741879898E-2	4.38114359985411E-2	4.5469703137424197E-2	Time, t (days)
Mass Fraction (g/g)

Estimated	Li	K	Cs	Rb	Sr	La	Ce	Nd	Y	77.44871516045427	315.8028386399298	282.27708847774852	63.105397511696431	99.119810175417953	101.5650283884826	152.68249258290649	309.13661472783951	40.652930558964208	Measured	Li	K	Cs	Rb	Sr	La	Ce	Nd	Y	91.949954171029006	399.60882752562998	309.31974471049602	71.698970178931233	116.812424529445	134.13096750312201	195.81650615675801	371.84735289943302	45.151598110682997	Concentration (ug/L)
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