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SUMMARY 

A study was undertaken to determine the dissolution characteristics of two NWCF 
calcine types. A two-way blended calcine made from 4 parts non-radioactive aluminum 
nitrate and one part WM-102 was studied to determine the extent of dissolution for 
aluminum-type calcines. A two-way blend of 3.5 parts fluorinel waste from WM-187 and 1 
part sodium waste from WM-185 was used to determine the extent of dissolution for 
zirconium-type calcines. 

This study was necessary to develop suitable aqueous separation flowsheets for the 
partitioning of actinides and fission products from ICPP calcines and to determine the 
disposition of the resulting undissolved solids (UDS). Work presented in this report is an 
extension of laboratory tests performed by Herbst and coworkers, who developed a dissolution 
flowsheet using non-radioactive calcine [1]. The dissolution flowsheet developed by Herbst 
was used to dissolve these two NWCF calcine types. 

Since this was a feasibility study, many questions about calcine dissolution and the 
physical nature of the undissolved solids still remain. However, this study does verify the use 
of non-radioactive pilot-plant calcine as a suitable surrogate to predict calcine dissolution. In 
addition, this study verifies the use of non-radioactive calcine to further study the dissolution 
process in order to answer the remaining questions and optimize the process. 

Results show that greater than 95 wt% of aluminum and zirconium calcine types were 
dissolved after a single batch contact with 5 M HN03. A characterization of the UDS 
indicates that the weight percent of TRU elements in the UDS resulting from both calcine 
type dissolutions increases by approximately an order of magnitude from their concentrations 
prior to dissolution. Substantial activities of cesium and strontium are also present in the 
UDS resulting from the dissolution of both calcine types. Multiple TRU, Cs, and Sr analyses 
of both UDS types show that these solids are relatively homogeneous. 

From this study, it is estimated that between 63.5 and 635 cubic meters of UDS will 
be generated from the dissolution of 3800 m3 of calcine. These UDS will be comprised of 
A1203, CaF2, CaAl407, Cao ^ Z ^ O , 8 S, and possibly Nb2Zr60,7. The significant actinide and 
fission product activities in these UDS will preclude their disposal as low-level waste. 
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Actinide and fission product activities in the UDS will also require a very effective 
solid/liquid separation process to be performed on the dissolved calcine solution. If the 
actinide and fission activity resulting from the UDS is the only considered source in the 
dissolved calcine solutions, an estimated 99.9 to 99.99 percent of the solids must be removed 
from this solution for it to meet non-TRU Class A low-level waste. 
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INTRODUCTION 

Aqueous separation processes which remove actinide and fission products from 
radioactive waste are being evaluated at the Idaho Chemical Processing Plant (ICPP). The 
separation of these components would reduce the high-level waste volume requiring disposal 
in a geological repository. These processes are currently being experimentally evaluated on 
two of the three major ICPP waste streams; acidic sodium-bearing waste, and solid calcine 
waste. Spent fuel is the third waste stream, which is not being evaluated by laboratory testing 
at this time. 

Approximately 3800 m3 of calcine are currently being stored at the ICPP [2]. Most of 
this calcine (3000 m3) was generated from fuel reprocessing activities that took place between 
1951 and 1986 [3]. Two types of irradiated government spent fuels, aluminum and Zircaloy®, 
constituted the largest amount of fuel reprocessed. The reprocessing of these fuels to recover 
2 3 5U resulted in two basic calcine types: 1) alumina calcine, with large amounts of aluminum , 
as A1203, and 2) zirconia calcine, with large amounts of zirconium as Zr0 2, and calcium, as 
CaF2 and CaO,[4]. Since the Zircaloy® fuel was dissolved in hydrofluoric acid, calcium was 
"blended" with these raffinates prior to calcination to inhibit equipment corrosion caused by 
fluoride volatility during calcination. 

It should be noted that the aluminum and Zircaloy® raffinates were later "blended" 
with: 1) each other, 2) other ICPP waste, or 3) cold additives, such as aluminum or calcium 
nitrate, to produce a feed suitable for calcination. Therefore, the actual weight percent of the 
major metal oxides may vary between calcine types. The sodium-bearing waste is 
incompatible to the calcination process, because of its high sodium content, unless it is 
blended with chemical additives. 

In order for actinide and fission product aqueous separations to be performed on the 
calcine, it must be dissolved into a solution that provides a suitable feed. Suitable feed 
criteria include: 1) stable with regard to precipitation following the dissolution and separation 
activities,and 2) minimal amounts of undissolved solids (UDS) following calcine dissolution. 

Complete dissolution of ICPP calcine is most likely unachievable because of the 
formation of insoluble compounds during the calcination process. The resulting quantity and 
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characterization of the UDS must be known to thoroughly evaluate the downstream separation 
processes. The feasibility and economics of the downstream aqueous separation processes 
performed on the calcine may be very dependant on the quantity and disposal path of the 
UDS. The purpose of this work was to determine the extent of dissolution for two major 
ICPP calcine types and to characterize the remaining UDS. Data from this work will be used 
to provide a baseline for determining the quantity and disposition of UDS generated by 
calcine dissolution. This information is crucial in evaluating aqueous separation process 
strategies. 

Since it is impractical to characterize the dissolution of the various blends, some 
generalizations had to made for the purpose of this work. A break down of the approximate 
volumes (as of 1993) of the two basic calcine types are shown in Table I. 

Table I 

Approximate Volumes Of The Two Basic Calcine Types 

Calcine Type Volume (m3) 

Alumina 765a 

Zirconium 3,000b 

a includes 200 m3 from cold alumina and dolomite starting bed 
b includes zirconia, fluorinel, and Zr/Na blended calcines 

The alumina-type calcine studied for this test was generated at the New Waste 
Calcination Facility (NWCF) (Campaign 3/420H) in 1993 from a blend of 4 parts of 2.2 M 
non-radioactive aluminum nitrate to 1 part of waste contained in WM-102. The chemical 
composition of tank WM-102 is provided in Table II. 
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Table II 
WM-102 Chemical Composition 

Species Concentration 
(M) 

H+ 0.165 

N0 3 3.03 

Al 0.935 

Na 0.011 

K 0.009 

F 0.005 

Zr O.002 

B <0.004 

Cd 0.0003 

Ca <0.003 

CI 0.001 

Fe 0.030 

S0 4 0.002 

Non-radioactive boric acid was added to this blend to inhibit the formation of 
insoluble aluminum oxides. Preventing or minimizing insoluble aluminum oxide formation is 
desirable for the dissolution of calcine in the NWCF calcination vessel. This calcine must be 
removed by dissolution after a calcine campaign has been completed or an upset in the 
calcination process occurs (bed agglomeration). It should be noted that calcine dissolution has 
always been an integral part of the calcination process and therefore the ability to dissolve the 
calcine has always been an important characteristic of the calcine itself. 

Non-radioactive calcium nitrate was also added to this blend to increase the dissolved 
solids content in the feed. Dissolved solids content is an important parameter in the 
calcination process. Most aluminum calcines are not generated from feed blends containing 
calcium nitrate. Therefore, this calcine will differ from typical aluminum-type calcines. 
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Zirconium-type calcine used for this study was generated from campaign H3 at the 
NWCF, and it was a two-way blend of 3.5 parts zirconium (Fluorinel) and 1 part sodium 
wastes. Fluorinel waste from tank WM-187 and sodium waste from tank WM-185 were used 
in this two-way blend. Chemical contents of these two wastes are shown in Table III. Non
radioactive boric acid and calcium nitrate were added to the feed blend for reasons previously 
noted. 

Table III 
Chemical Content Of WM-185 And WM-187 Waste Tanks 

Species WM-185 
M 

WM-187 
M 

FT ' 1.53 1.44 

N 0 3 5.03 1.92 

Al 0.68 0.39 

B 0.017 0.12 

Cd O.002 0.048 

Ca 0.067 ND 

CI 0.030 0.0013 

F 0.16 1.83 

Fe 0.021 • 0.006 

K 0.19 - 0.003 

Na 1.40 0.017 

S0 4 0.043 0.028 

Zr 0.01 0.26 
ND = No data 

Since the NWCF calcines are intensely radioactive, characterizing them by direct 
chemical analysis is very difficult, if not impossible. An electronic spread sheet has been 
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developed to predict calcine composition from a specific feed blend.1 Blends, including boric 
acid and calcium nitrate additions, were entered into this spread sheet to characterize the 
aluminum and zirconium calcines used in this study. The calcine characterizations are shown 
in Table IV. 

Table IV 
Aluminum And Zirconium Calcine Characterization 

Prior To Dissolution 

Compound Aluminum 
Calcine 

wt% 

Zirconium 
Calcine 

wt% 

NaN0 3 0.14 7.96 

KN0 3 0.13 1.31 

CaF2 0.04 33.82 

CaO 25.97 17.91 

K 2 S0 4 0.06 0.58 

Na2S04 0.01 1.96 

NaCl 0.01 0.20 

NaA102 0.02 0.70 

NaB0 2 0.02 0.56 

A1 20 3 71.36 12.13 

B 2 0 3 ' 1.15 3.22 

Fe 2 0 3 0.54 0.39 

Zr0 2 0.05 15.01 

CdO 0.01 2.87 

Feed Blend UDS 0.49 1.38 

xSpread sheet calcine compositions determined from the two 
feed blends were generated by A. L. Olson from work performed by 
Brewer, Kessinger, and O'Brien. 
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EXPERIMENTAL METHODS 

Because of the intense radioactivity of the calcine, dissolutions were performed 
remotely in the shielded hot cell at the Remote Analytical Laboratory (RAL). Automated 
equipment, such as a balance, hot/stir plate, and vacuum, was used to accomplish the 
dissolution tests. The RAL hot cell is equipped with these items. 

Dissolution Parameters 

Herbst and co-workers [1] developed a calcine dissolution flowsheet using non
radioactive pilot-plant calcine. The purpose of the Herbst study was to develop dissolution 
parameters from small-scale batch dissolutions that resulted in the greatest amount of calcine 
dissolved. These parameters included acid concentration, temperature, agitation^ and acid 
volume to calcine weight ratios. The flowsheet recommended from this work was 10 mLs of 
5 M HN03 per 1 gram of calcine, and the dissolution should take place at elevated 
temperatures (>90°C) under constant and efficient mixing. Results of greater than 90 wt% 
percent (typically greater than 95 wt%) calcine dissolution were consistently achieved with the 
pilot-plant calcines using these parameters. 

Therefore, these conditions were used to dissolve radioactive calcine generated at the 
NWCF. Because of the unavailability of pilot-plant aluminum-type calcines, it was not 
known how the NWCF aluminum-type calcine would dissolve under these conditions. 

Calcine Dissolution Methodology 

Approximately 5 gram aliquots of calcine were used for each test. These were poured 
into a tared 125 mL erlenmeyer flask. A gross weight of the flask plus calcine was obtained 
to ensure an accurate calcine weight. The volume (in mL) of 5 M HN03 used for each 
dissolution was equivalent to 10 times the weight (in g) of calcine in the erlenmeyer flask. 
This ensured that an acid volume to calcine weight ratio of 10 was maintained for each 
dissolution. The acid volume was measured into a polyethylene bottle outside the hot cell 
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using a calibrated dispenser. The bottle containing the acid was then transferred into the hot 

cell and remotely poured into the flask containing the weighed aliquot of calcine. A clean stir 

bar was gently dropped into the flask, and the flask was put on the hot plate. The mouth of 

the flask was covered to prevent unwanted material from entering the flask and to reduce the 

acid volume lost from HN0 3 volatility that occurs with elevated temperatures used during 

dissolution. 

The acid and calcine were aggressively mixed with the stir bar; however, not to the 

extent where solution was splattered on the wall of the flask. The solution was also brought 

to near boiling with the hot plate. The solution temperature was monitored to ensure boiling 

did not occur and to ensure enough heat was being supplied to the flask to cause condensation 

build-up on the flask wall. Dissolution times were varied to obtain the percent calcine 

dissolved by weight as a function of time. 

Following the dissolution, the solution was filtered with a pre-weighed Falcon 7105 

bottle top filter (0.22 um) or Nalgene 0.45 urn disposable filter. Both of these filters are a 

two piece filter with 250 mL holding and collection reservoirs. The two reservoirs are 

detachable from one another, which provides for easier remote handling. The 0.22 urn or 

0.45 um filter remains with the holding reservoir when the two pieces are detached. A tare 

weight was obtained on this reservoir prior to filtration. Filtration was accomplished by 

applying a vacuum to the filters. Both filter types come with vacuum filtration capabilities. 

Following filtration, the solution in the collection reservoir was transferred to a 250 

mL Nalgene bottle. All the solutions from the dissolution of the same calcine types were 

combined for characterization. Once the dissolved calcine product solution was transferred, 

the two filter pieces were re-attached. Complete transfer of the UDS remaining in the flask 

was ensured by washing down the walls of the dissolution flask with deionized water. Each 

wash solution was transferred to the filtration flask. Once complete solids transfer was 

achieved, the solids were washed with isopropanol to remove the water from the solids. The 

solids were then dried under vacuum for 4 to 12 hours. A gross weight was taken of the 

holding reservoir and filter containing the UDS after drying. To ensure the UDS were dry 

and the gross weight accurate, the holding reservoir was re-attached to the collection reservoir 

and the vacuum was applied to the filter for an additional hour. A second gross weight was 
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obtained and compared to the first weight to ensure matching weights. The difference 
between these two weights was typically <1%. 

The dry undissolved solids were scraped from the filter and transferred into a glass 
sample vial. Undissolved solids from each dissolution test were sampled for characterization. 
Four separate dissolutions were performed on each calcine type to obtain reproducible data on 
the weight percent of calcine dissolved. 

The experimental flowsheet used for dissolving the calcine is graphically shown in 
Figure 1. 
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Figure 1. Calcine Dissolution Experimental Flowsheet 



UDS Characterization 

The total weight of the undissolved solids could not be brought out of the cell for 
characterization because of the intense radioactivity of the UDS. Instead, small fractions of 
the solids were brought out of the hot cell for radionuclide, X-ray diffraction, and emission 
spectroscopy analyses. Taking small UDS sample fractions does create a sampling dilemma 
because of the uncertainty of that fraction being representative of the total. For this reason, 
two UDS samples from each aluminum-type calcine dissolution (except from test #2 which 
was inadvertently disposed prior to sampling) and a UDS sample from each of the zirconium-
type calcine dissolutions were taken for characterization. This was done to ascertain the 
homogeneity of the UDS. 

UDS samples of known weights were dissolved over a blast furnace at approximately 
1000°C in a platinum crucible containing a lithium tetraborate flux. A flux to UDS weight 
ratio of 5 was used to ensure complete UDS dissolution and to prevent the salting out of the 
ensuing solution. The flux/UDS melt was then dissolved in a 250 mL beaker using 100 mL 
of 1.6 M HN03. The beaker was gently heated on a hot plate to encourage the flux 
dissolution. The dissolved flux/solids solution was transferred to a 100 mL volumetric flask 
and brought up to volume with H 20 after complete flux dissolution. This ensured an accurate 
dilution factor would be used when determining the concentration of the actinides in the UDS. 

Only one sample from each calcine type was examined by XRD and emission 
spectroscopy for reasons to be discussed later. 
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Radionuclide Analysis 

Each dissolved UDS sample, as well as the two combined dissolved calcine product 

solutions, were characterized for radionuclide content. Americium, curium, neptunium, and 

plutonium analyses were conducted by alpha-spectroscopy. Aliquots of each sample were 

analyzed by gamma-spectroscopy for europium and cesium content. Strontium analysis was 

also performed by beta counting each sample. It should be noted that cesium and strontium 

content of the UDS samples are subject to uncertainty because of the high temperature fusion 

performed on these samples. Some volatilization of these fission products most likely 

occurred during the fusion, but these elements were analyzed in order to obtain some 

indication of their concentration in the UDS. 

The actinide elements were chemically partitioned from each other for the specific 

analysis of Am-241, Cm-244, Np-237, Pu-239/240 and Pu-238. Actinide partitioning was 

accomplished by extraction chromatography columns with an organic complexant sorbed onto 

an inert substrate. TEVA.SPEC® and TRU. SPEC® columns were used to partition the 

actinides. The active extractants are Aliquat-336N (A-336N) for the TEVA column and 

CMPO in the TRU column. The columns were placed sequentially with the effluent from the 

TEVA column flowing directly in the TRU column. The A-336N is very specific to 

tetravalent Pu and Np (in 2 M HN0 3), thus allowing the trivalent actinides to flow through 

the column. 

A solution of 10% ascorbic acid was used to reduce the Pu and Np (Pu is reduced to 

the trivalent state and Np to the tetravalent state). Upon heating the reduced solution, the 

plutonium is re-oxidized to the tetravalent state by nitrite (N02") since a holding reductant is 

not used. Some of the neptunium is also re-oxidized to the pentavalent state, however, the 

kinetics of its oxidation appears to be somewhat slower than plutonium, thus allowing for 

effective partitioning of Np + 4 . 

After reduction, the samples are gravity fed through the TEVA column to extract the 

Pu, and Np (as well as any Th that may be present). The remaining actinides, Am + 3, Cm+ 3, 

and U + 6 , were extracted onto the TRU column. After rinsing the columns, Pu and Np were 

stripped from the TEVA column using 0.5 M HC1. The strip solution was not allowed to 
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flow through the TRU column. Americium and curium were stripped from the TRU column 
with 0.025 HN03 (any uranium present was left on the column). 

Actinides from each strip solution were then co-precipitated with NdF3 by adding 50 
fxg of Nd+3 and excess HF. The precipitate solution was filtered through a 0.1 urn filter 
which efficiently retains the precipitate and provides a thin mount for the alpha spectrometer 
with a resolution of 50 to 60 kev at full width/half maximum peak height. Even though 
chemical yields were high using this procedure, isotopic tracers were used with all samples in 
order to correct for losses during the partitioning process. Isotopes used as tracers were NIST 
traceable Pu-236, Am-243, and Np-239. 

Gamma analyses were performed on a vertically configured high purity germanium 
detector with a relative efficiency of 70%. One mL aliquots of each sample were transferred 
to 23 mL glass vials. The gamma spectrometer was calibrated for this vial at geometries 
centered directly on the detector and 10 cm above the detector. Samples were counted in one 
of these geometries depending upon sample activity. 

Strontium-90 analyses were conducted by separation from the aqueous fraction using 
the classical fuming nitric technique. Strontium was precipitated as SrC03 and filtered onto a 
24 mm glass microfiber filter. The filter was mounted onto a 2" x 2" counting card and 
placed under a gas flow proportional counter. Samples were counted immediately after 
separation, thereby, eliminating the need to correct for the ingrowth of yttrium-90. 
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Other Analytical Techniques 

The UDS were further characterized by X-ray diffraction (XRD) spectroscopy in order 
to ascertain the chemical constituents of the solids. The XRD results were verified by 
qualitative elemental emission spectroscopy. Because of the radioactivity of these samples, 
and the hands-on nature of XRD and emission spectroscopy, only one UDS sample from each 
calcine type was evaluated by these two methods. 

The combined dissolved calcine solutions were also characterized by a variety of 
analytical methods to determine the major constituents from the alkali and alkaline-earths 
metals, as well as the transition metals. Some anionic methods were also used to characterize 
the aqueous dissolution product, such as fluoride, and nitrate. 
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RESULTS/DISCUSSION 

Calcine Characterization 

The combined feed solutions from the dissolution of both calcine types were analyzed 
to determine the concentrations of the major calcine constituents. From the analytical results, 
total calcine weight dissolved, and final volumes of the two solutions, the weight percents of 
the major constituents in the calcine were determined. A comparison of those data 
determined analytically and those determined from the spread sheet calculations (Table IV) 
was made. This comparison is shown in Table V. 

Table V 
Calcine Compositions Based On Analytical Results 

Element Aluminum Calcine Zirconium Calcine 

Spread Sheet 
wt% 

Analytical 
Results 

wt% 

Spread Sheet 
wt% 

Analytical 
Results 

wt% 

Na 0.06 0.97 3.25 4.51 

K 0.08 0.21 0.77 0.46 

Ca 18.6 14.5 29.6 22.8 

F 0.02 3.16 16.4 12.2 

Al 37.8 32.6 6.65 19.3 

B 0.36 0.37 1.09 1.06 

Fe 0.38 0.61 0.27 0.56 

Zr 0.04 0.81 11.1 6.04 

A comparison of the aluminum calcine compositions shows fairly good agreement. 
Calcium and aluminum 'analytical results are slightly lower than expected which may be due 
to the incomplete dissolution of these two elements. Analysis of the UDS from this calcine 
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type indicates that these two elements are the major constituents in the UDS (to be discussed 

later). Fluoride results are higher than predicted from the spread sheet. A comparison 

of the zirconium calcine compositions show that calcium, fluoride, and zirconium results are 

lower than predicted from the spread sheet calculations. Again, this may be attributed to the 

incomplete dissolution of these elements. An analysis of the UDS resulting from the 

dissolution of this calcine-type indicate that these elements are major constituents in the UDS 

(to be discussed later). Aluminum results indicate a larger aluminum concentration than 

predicted. 

Discrepancies between the spread sheet calculations and analytical results most likely 

occurred because of the small UDS sample size that was characterized and/or variation in 

NWCF feed compositions that naturally occur during a calcination campaign. Considering the 

feed and sample variabilities, those data shown in Table V agree very favorably. 

Percent Dissolution Of Aluminum-Type Calcine 

Dissolution times were varied in an attempt to define the minimum time required to 

dissolve the calcine under the conditions previously described. Table VI lists the dissolution 

conditions for each test and the percent calcine dissolution achieved under these conditions. 

From Table VI, it is observed that the greatest amount of calcine dissolved (96%) was 

in test 4, where the calcine was heated for 23 hours. The dissolution time between test 3 and 

4 was kept constant at 24 hours, however the heating time was almost four times longer in 

test 4, which resulted in 5% more of the calcine being dissolved. When the dissolution times 

where kept short, such as in tests 1 and 2, less efficient dissolution results were obtained. 

These results may indicate that there are kinetically slow species being dissolved in the 

calcine, and that heating the solution for a long period of time may be crucial to dissolve 

these species. 

16 



Table VI 
Experimental Conditions and Results For 

Aluminum-Type Dissolution Tests 

Condition Test 1 Test 2 Test 3 Test 4 

Wt. of Calcine (g) 5.214 8.231 4.963 5.154 

Vol. of 5 M HN0 3 (mL) 50 83 50 50 

Heat Time (Hrs) 0.75 2.18 8 23 

Mix Time (Hrs) 1.17 2.18 24 23 

Total Dissolution 
Time (Hrs) 

1.17 2.18 24 24 a 

UDS Wt. (g) 1.128 1.270 0.480 0.191 

% Dissolution 78 85 91 96 

solution sat for 1 hour to cool 

Figure 2 graphically depicts the calcine dissolution as a function of heating time. A 
logarithmic curve fit was applied to the data shown in Figure 2 to visualize a possible trend in 
the data. The extrapolation of the curve generated from this data out to 50 hours indicates 
that practically 100% of this calcine may dissolve after 45 hours. Therefore, greater than 
96% of the calcine may be dissolved if the calcine is efficiently mixed and heated for longer 
periods of time. 
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Figure 2: NWCF Aluminum-Type Calcine Dissolution 
(Dissolution conditions: >90°C, H +

i n i t i a l= 5.0 M, acid volume to calcine weight ratio = 10) 

In 1966, Paige [5] performed leaching studies on aluminum calcine generated at the 
Waste Calcine Facility (WCF). In that work, 500 mL aliquots of 0.5 M HN03 were 
circulated through 20 grams of the WCF calcine at 25°C. The 500 mL acidic leach solution 
was periodically replaced with a fresh acidic leach solution. After 500 hours and 6 liters of 
0.5 M HN03, it was reported that 99% of the calcine had dissolved. The data generated by 
Paige and the data shown in Figure 2 could very easily be in agreement if the test conditions 
between the two studies would have been similar. Test conditions varied because Paige was 
attempting to leach the fission products from the calcine while minimizing calcine dissolution. 
However, it is important to realize that the dissolution of aluminum-type calcine can be 
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enhanced via mixing and heating the solution. Also, greater than 96% of the calcine may 
dissolve if the heating times are increased. Dissolution times reported by Paige may be long 
because of the lack of heat supplied to the experimental system and the way acid contact with . 
calcine was conducted. 

The weight percent of aluminum calcine dissolved is dependant upon the amount of 
insoluble amorphous compounds present in the calcine. These compounds, typically a-
alumina, will not dissolve regardless of the dissolution conditions. Work performed by Paige 
indicates that very little a-alumina is present in the WCF calcine. 

UDS Characterization Of Aluminum-Type Calcine 

UDS samples from each of the aluminum-type calcine dissolution tests, except for test 
2, were analyzed for radionuclide content. These data would help determine their potential 
disposal pathways and homogeneity. The UDS from each test was sampled in duplicate to 
determine the homogeneity of the solids. In addition, each sample was analyzed in duplicate 
to ensure the accuracy of the analytical results for a given sample. Table VII lists the activity 
of each isotope in the UDS. The raw analytical data are shown in the Appendix A. 
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Table VII 
Actinide Concentration In Aluminum-Type Calcine UDS 

Sample Am-241 
nCi/g UDS 

Cm-244 
nCi/g UDS 

Pu-238 
nCi/g UDS 

Pu-239 
nCi/g UDS 

Test 1A 662 130 84,324 727 

Test 1A 627 148 124,054 1,202 

Test IB 773 75 36,486 278 

Test IB 640 77 74,054 435 

Test 3A 381 77 40,810 524 

Test 3A 367 79 42,432 322 

Test 3B 1,091 193 100,811 697 

Test 3B 951 194 99,730 1,035 

Test 4A 1,343 294 129,730 1,565 

Test 4A 1,475 367 124,324 1,240 

Test 4B 721 141 81,081 975 

Test 4B 619 135 74,054 605 

In general, good agreement between duplicate analysis (A or B groups) was observed. 
However, a comparison of the A results with the B results for a given test does show some 
fairly large differences in isotope activities. Error associated with sample weights is expected 
to contribute to sample differences, since very small amounts of the UDS were fused in the 
lithium tetraborate (1 to 30 mg) and it was very difficult to prevent pieces of the filter from 
being scraped into the UDS sample. Non-homogeneity between the sample fractions is also a 
contributor to sample differences because of the sample size. Naturally, if the sample size 
could have been increased, the sample fraction would have been more representative of the 
total UDS. 

Most of the activity in the UDS is from Pu-238. This was expected since the calcine 
was generated from WM-102, a tank holding second and third cycle fuel reprocessing 
raffinates. These raffinates are high in plutonium because plutonium extraction was prevented 
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by reducing it to the trivalent oxidation state. Neptunium-237 was not detected in any of 
these samples. However, since Np-237 and Pu-238 are separated and counted in the same 
fraction during radiochemical sample preparation, the overwhelming amount of plutonium in 
these samples may have masked the neptunium activity. Analysis of other ICPP waste 
streams typically show the Np activity to be two orders of magnitude lower than the Pu-238 
activity. 

According to 10 CFR section 61.55, the maximum transuranic activity for a Class A 
low-level waste is 10 nCi/g. Transuranic characterization of the UDS from this calcine show 
that the UDS will exceed this maximum activity by approximately four orders of magnitude 
(100,000 nCi/g UDS). This activity indicates that the UDS remaining after aluminum-type 
calcine dissolutions must be disposed of as transuranic or high-level waste or combined with 
similar waste prior to immobilization and disposal. 

The results for the specific actinides were averaged and summed with the results of the 
combined dissolved calcine solution. From this sum, the weight percent for each actinide in 
the calcine could be determined and compared with the average weight percent of each 
actinide in the UDS. Table VIII shows that the percent calcine dissolved does not correlate 
with the percent actinides dissolved. Thus, the actinides are, in general, more insoluble or 
dissolve kinetically slower than the calcine. 

The actinides are actually concentrated after a single batch dissolution. As seen in 
Table VIII, the wt% of a specific actinide in the UDS is almost an order of magnitude higher 
than it is in the original calcine. The plutonium appears to be even more difficult to dissolve 
than the americium or curium. This may be due to the plutonium forming less-soluble 
fluoride and/or oxide complexes. If this were the case, these plutonium-fluoride or oxide 
complexes may be expected to exist in the same calcine regions as the calcium-fluoride or 
metal oxides. The physical location, as well as, the chemical nature of the actinides may 
contribute to their dissolution kinetics and solubility. 
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Table VIII 
Weight Percent Actinide In The Aluminum-Type Calcine 

And Resulting UDS 

Am-241 Cm-244 Pu-238 Pu-239 

Activity In Dissolved 
Calcine Feed (233 mL) 

dps/mL 
270 98.3 11,700 142 

Average UDS Activity 
nCi/g UDS 

804 159 84,324 800 

Average Wt% In UDS 2.3E-5 2.0E-7 4.9E-4 1.3E-3 

Average Wt% In 
Calcine 

4.8E-6 8.6E-7 7.6E-5 2.1E-4 

% Actinide Dissolved 44 58 24 28 

Cesium and strontium activities were also determined in the UDS resulting from the 
dissolution of this aluminum calcine type. As previously mentioned, these activities are 
possibly low because of the cesium and strontium that may have volatilized during the high-
temperature UDS fusion. Table IX shows the average Cs-137 and Sr-90 activities in the 
UDS, the weight percents of these isotopes in the calcine prior to dissolution and in the 
remaining UDS, as well as, the percent dissolution. 

Physical observations of the UDS in solution indicates that these solids act and look 
similar to the calcine fines. More specifically, the UDS are very small particles that are easily 
suspended in solution and tend to settle slowly. If the UDS bulk density is assumed to be 0.9 
g/cm3 (the average density of the calcine fines, Berreth [3]), the activity of Cs-137 and Sr-90 
per cubic meter of UDS can be estimated. This estimation provides a prediction of the 
disposal path of the UDS based on the content of these isotopes. Based on the assumed UDS 
density of 0.9 g/cm3, Cs-137 and Sr-90 activities in the UDS are determined to be 54 Ci/m3 

and 457 Ci/m3, respectively. Both of these values exceed the maximum allowable Cs-137 and 
Sr-90 activities set forth in 10 CFR section 61.55 for Class A low-level waste. Regulatory 
limits defined in 10 CFR section 61.55 for Class A low-level waste for Cs-137 and Sr-90 are 
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1 Ci/m3 and 0.04 Ci/m3, respectively. 

Table IX 
Cs-137 And Sr-90 In Aluminum-Type Calcine 

And Resulting UDS 

Cs-137 Sr-90 

Activity In Dissolved 
Calcine Feed (233 mL) 

dps/mL 
2.29E+6 2.52E+6 

Average UDS Activity 
Ci/g UDS 

5.39E-5 5.08E-4 

Average Wt% In UDS 6.17E-5 3.7E-4 

Average Wt% In Calcine 7.05E-4 5.3E-4 

Wt% Dissolved 99 92 

Because of the potential of Cs and Sr volatility during fusion and because of the 
possibly low estimated UDS density, estimated UDS concentrations of Cs-137 and Sr-90 are 
expected to be minimum values. Therefore, the concentrations of these isotopes in the UDS 
greatly exceed the maximum allowable concentrations for Class-A low-level waste disposal. 

The transuranium and fission product concentrations in UDS resulting from the 
dissolution of this aluminum-type calcine exceed the Class A low-level waste limits. 
Transuranic and fission product concentrations in the UDS also exceed Class B low-level 
waste disposal limits (Class B Limits: Cs-137 < 44 Ci/m3, Sr-90 < 150 Ci/m3, and 
transuranium alpha activity < 10 nCi/g). Fission product concentrations are lower than the 
Class-C low-level waste concentration limits of 4,600 Ci/m3 for Cs-137 and 7,000 Ci/m3 for 
Sr-90. However, the transuranic alpha concentration still exceeds the Class-C limit of 100 
nCi/g by approximately two orders of magnitude. 

XRD and emission spectroscopy analyses were performed on the UDS from test 1 
(78% dissolution) and indicate that most of the UDS is amorphous A1203. These results are 
shown in Table X and XL Based on the results of Paige (using WCF calcine) and work 
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performed by Roesener (using the same calcine tested here) [6] very little of this amorphous 
A1203 is expected to be insoluble a-alumina. Some calcium stabilized aluminum oxide 
(CaAl407) and CaF2 may be present. It is unlikely that Ba5(P04)3OH is present in the UDS 
since barium was not present in the feed blend. Since XRD results are reported by "finger 
printing" the diffraction lines to a compound, Ba5(P04)3OH could easily be Ca5(P04)3OH, or 
Mg5(P04)3OH. The unlikely hood of Ba5(P04)3OH being present in the UDS is also 
supported by the emission spectroscopy results, which show no indication of Ba in the UDS. 
Emission spectroscopy results do confirm the XRD results by showing Al and Ca to be major 
constituents in the UDS. 

Calcium was added to the feed blend, as Ca(N03)2, to increase the dissolved solids 
concentration which enhances the calcination processes. The presence of calcium in the feed 
blend does change the characteristics of this calcine type, since aluminum-type calcines 
usually do not contain calcium. 

Table X 
XRD Results From Aluminum Calcine UDS 

Constituent Estimated Concentration 

A1203 Primary Constituent >50 wt% 

CaAl407 Possibly Present <10 wt% 

CaF2 Possibly Present <10wt% 

(Ca* Mgs, or Ba5)(P04)3OH Possibly Present <1 wt% 
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Table XI 
Emission Spectrometry Results From Aluminum Calcine UDS 

Element Concentration 

Al > 5 wt% 

Ca > 5 wt% 

Mg > 5 wt% 

Fe > 5 wt% 

Zr < 5 wt% > 0.1 wt% 

Mn < 5 wt% > 0.1 wt% 

B < 0.1 wt% 

Cr < 0.1 wt% 

Si < 0.1 wt% 

Mo < 0.1 wt% 

Cu < 0.1 wt% 

Na < 0.1 wt% 

Zn < 0.1 wt% 

Ni < 0.1 wt% 

Sn < 0.1 wt% 

Ti < 0.1 wt% 

The presence of CaO and CaF2 may explain the importance of long heat times required 
to dissolve the calcine because these species are typically difficult to dissolve. The amount of 
a-alumina in the UDS from test 1 is not known, however, if all the A1203 found in the XRD 
analysis is assumed to be a-alumina, then >50 wt% of the UDS could be a-alumina. Since 
a-alumina is insoluble in HN03, it is unclear as to how much of the calcine would dissolve if 
the heat and mixing times were increased to 50 hours (Figure 2). 

Roesener [6] performed multiple dissolution tests with this calcine, where the UDS 
heel was left in the dissolution flask and fresh calcine and acid were added in the next 
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dissolution. His results show that after 10 batch dissolutions, 1 wt% of this calcine remained 
undissolved. Dissolution conditions used by Roesener were identical to those used in this 
study. The importance of Roesener's data is that the UDS heel may continue to dissolve 
when additional calcine and fresh acid are added to the dissolution process. This also 
suggests that the constituents of the UDS dissolve slower than the other species, rather than 
being truly insoluble species. Roesener's characterization of the UDS heel remaining after the 
10th dissolution also indicates that actinide build-up in the heel does not occur [6]. In fact, 
the UDS actinide activities reached steady state after two or three dissolutions. 

Percent Dissolution Of Zirconium-Type Calcine 

Four single batch dissolutions were performed on the NWCF zirconium-type calcine 
generated from a two-way blend of 3.5 parts WM-187 and 1 part WM-185. Test conditions 
and results are shown in Table XII. 

Table XII 
Experimental Conditions and Results For 

Zirconium-Type Dissolution Tests 

Condition Test 1 Test 2 Test 3 Test 4 

Wt. of Calcine (g) 4.922 5.042 5.472 7.562 

Vol. of 5 M HN03 (mL) 50 50 55 75 

Heat Time (Hrs) 1.18 1.78 11.05 2.75 

Mix Time (Hrs) 1.18 1.78 * 1.05 2.75 

Total Dissolution 
Time (Hrs) 

1.18 1.78 1.05 2.75 

UDS Wt. (g) 0.261 0.189 0.102 0.223 

% Dissolution 95 96 98 97 
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An average dissolution of 96.5% for the zirconium-type calcine was achieved in the 
four dissolution tests. The dissolution of this calcine type does not seem to be as slow as that 
observed for the aluminum-type calcine. Weight percent of calcine dissolved after 1.05 hours 
may not be statistically different than the percent dissolution achieved after 2.75 hours. 

Figure 3 shows the extent dissolution as function of time. A logarithmic curve fit was 
applied to the data to represent a possible trend in calcine dissolution with regard to time 
under the specific experimental dissolution conditions. The curve fit was generated without 
using the data from test 3 (98% dissolution). Extrapolation of this curve out to 9 hours 
indicates that practically 100% of the zirconium-type calcine may dissolve in 5 M HN03. 
This may be a very optimistic view of the dissolution because the curve does not account for 
the many possible insoluble compounds that tend to form during calcination at 500°C. 
Further tests are required to substantiate the percent dissolution of this calcine type after 9 
hours. 

Trammell and Butler also [7] evaluated the dissolution of zirconia calcine. Their test 
conditions were analogous to the conditions used in this dissolution study, except for the 
HN03 concentration (Trammell and Butler used 8 M HN03). Results from their study show 
that 96.6% of the zirconia calcine dissolved in 30 minutes at 90°C using a calcine to acid ratio 
of 10. This result agrees favorably with the average of 96.5% obtained from this study. 
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Figure 3: NWCF Zirconium-Type Calcine Dissolution 
(Dissolution conditions: >90°C, H+

i l lW,,= 5.0 M, acid volume to calcine weight ratio = 10) 

Tests conducted by Roesener [6] on this same zirconia calcine also agree favorably 
with this data. Roesener performed 10 sequential batch dissolutions on this calcine, leaving 
the UDS (heel) in the dissolution flask following each dissolution. Roesener typically 
achieved >95% dissolution for each batch. In addition, Roesener found that a portion of the 
UDS heel remaining after each dissolution was dissolved in the next dissolution (just as in the 
aluminum-type calcine dissolutions). His data strongly suggest that a UDS heel will not 
substantially build-up in the calcine dissolution process. His data also suggest that UDS are 
primarily slowly dissolving species rather than insoluble products. UDS dissolution kinetics 
appear to be increased when additional calcine material is present with the nitric acid. 
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UDS Characterization Of Zirconium-Type Calcine 

Table XIII lists the actinide content of the UDS remaining from each zirconium 
calcine dissolution test. Raw analytical data are shown in Appendix B. 

Table XIII 
Actinide Concentration In Zirconium-Type Calcine UDS 

Sample Pu-238 
nCi/g UDS 

Pu-239 
nCi/g UDS 

Am-241 
nCi/g UDS 

Np-237 
nCi/g UDS 

Cm-244 
nCi/g UDS 

| Test 1 114,865 4,649 6,422 276 223 

| Test 2 135,946 5,330 6,357 ND 261 

1 Test 3 114,784 4,600 6,057 183 212 

1 Test 4 66,189 2,692 5,297 ND 174 

ND = Not detected 

Fairly good agreement in actinide activities was obtained between samples from the 
four dissolutions. Plutonium activities in test 4 are approximately half of those observed in 
the other three tests. However, Am-241 and Cm-244 results from test 4 agree with results of 
the other three tests. This data indicate TRU activities in the UDS will be somewhat 
consistent. 

As indicated in Table XIII, the UDS resulting from the dissolution of this calcine type 
exceeds the 10 nCi/g waste limit specified in 10 CFR Section 56.1 for non-TRU waste. 

Actinide dissolution data, shown in Table XIV, indicate a slight concentration of the 
actinides in the UDS resulting from the dissolution process. This data may lead to the 
conclusion that the actinides will build-up in these solids; however, Roesener [6] has shown 
that this is not the case. Actinide concentrations in the UDS reach steady state after two to 
three contacts of the UDS with fresh batches of calcine and acid. From Roesener's data, 
actinide dissolution appears to be enhanced by the presence of fresh calcine and acid, 
therefore, actinide activities in the UDS are not expected to increase with respect to the 
number of batch dissolutions. This may be attributed to CaF2 in the fresh calcine interacting 
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directly with undissolved TRU oxides, or CaF2 enhances the dissolution of the undissolved 
metal oxides that have entrained undissolved TRU compounds. The latter case insinuates that 
CaF2 indirectly enhances TRU dissolution. 

Table XIV 
Weight Percent Actinide In The Zirconium-Type Calcine 

And Resulting UDS 

Am-241 Cm-244 Pu-238 Pu-239 Np-237 

Activity In Dissolved 
Calcine Feed (230 mL) 

dps/mL 
4.60E+3 200 4.83E+4 1.86E+3 20.1 

Average UDS Activity 
nCi/g UDS 

6.03E+3 2.17E+2 1.08E+5 4.32E+3 2.29E+2 

Average Wt% In UDS 1.76E-4 2.69E-7 6.31E-4 6.94E-3 3.26E-2 

Wt% In Calcine 4.2E-5 8.0E-8 9.8E-5 ' 1.03E:3 8.30E-4 

% Actinide Dissolved 86 89 79 78 42' 

Np data subject to great unc certainty duf 5 to high plutonium activities 

Cesium and strontium concentrations in the calcine prior to dissolution and in the UDS 
following the dissolution are shown in Table XV. As expected, over 99% of the cesium was 
dissolved. Strontium was not dissolved to the extent of cesium. This is not totally 
unexpected since the dissolution of strontium should be similar to that of calcium. Calcium 
was a major constituent of the UDS (to be discussed later). Therefore, it is not inconceivable 
for strontium to be either entrained in the undissolved calcium compounds or to form similar 
compounds to calcium which dissolve when additional calcine and acid are added to the UDS 
heel (Roesener [6]). 

Based on the activities of Cs-137 and Sr-90 per gram of UDS and the assumed UDS 
density equaling that of the average calcine fines density of 0.9 g/cm3 (Berreth [3]), the 
activities of Cs-137 and Sr-90 per m3 of UDS can be deduced. Expected Cs-137 and Sr-90 
activities per cubic meter of Zr calcine UDS are 126 Ci and 3,000 Ci, respectively. Activities 
for both isotopes exceed the low-level Class A and B limits specified in 10 CFR section 
61.55; therefore, they need to follow the HLW fraction. 
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Table XV 
Cs-137 And Sr-90 In Zirconium-Type Calcine 

And Resulting UDS 

Cs-137 Sr-90 

Activity In Dissolved 
Calcine Feed (230 mL) 

dps/mL 
8.48E+6 1.07E+7 

Average UDS Activity 
Ci/gUDS 

1.40E-4 3.26E-3 

Average Wt% In UDS 1.61E-4 ' 2.39E-3 

Wt% In Calcine 2.64E-3 2.20E-3 

Average Wt% Dissolved 99.80 96.3 

X-ray diffraction spectroscopy and emission spectroscopy were performed on the UDS 
from test 1 only. X-Ray diffraction results indicate the major constituent of the UDS to be 
Nb 2Zr 60 1 7. Emission spectroscopy results show that the major elemental constituents of the 
UDS to be Fe, Al, Ca, and Zr. XRD and emission spectrometry results are shown in Tables 
XVI and XVII. 

Table XVI 
XRD Results From Zirconium Calcine UDS 

Constituent Concentration 

Nb 2Zr 60 I 7 Primary Constituent > 50 wt% 

A1203 Primary Constituent > 50 wt% 

(Mg,Fe)5(Si04)2(F,OH)2 Minor Constituent < 5 wt% 

LiU03 Minor Constituent < 5 wt% 

(Ca,Ni,Mg)(OH)2 Minor Constituent < 5 wt% 
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Table XVII 
Emission Spectrometry Results From Zirconium Calcine UDS 

Element Concentration 

Zr > 5 wt% 

Al > 5 wt% 

Ca > 5 wt% 

Fe > 5 wt% 

Mn < 5 wt% > 0.1 wt% 

Mg < 5 wt% > 0.1 wt% 

Sn <5 wt%>0.1 wt% 

Cr < 5 wt% > 0.1 wt% 

Sr < 5 wt% > 0.1 wt% 

Pb < 0.1 wt% 

Si < 0.1 wt% 

Cu < 0.1 wt% 

Na < 0.1 wt% 

Ni < 0.1 wt% 

Cd < 0.1 wt% 

Ti < 0.1 wt% 

Li < 0.1 wt% 

No niobium was found by emission spectroscopy, indicating that the niobium 
zirconium oxide compound found by XRD may actually be a calcium or iron zirconium 
oxide. These compounds are possible based on calcium and iron being found as major 
constituents in the emission spectroscopy results. In addition, calcium stabilized zirconium 
oxide has been found repeatedly as the major constituent in the UDS resulting from other 
dissolution studies concerning zirconium pilot plant calcines [1]. 
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ESTIMATED UDS VOLUMES AND POTENTIAL IMPACTS 

UDS remaining after the dissolution of aluminum and zirconium calcines have been 
found to contain substantial actinide and fission product activities. These activities will 
preclude the disposal of these UDS as low-level waste. Since data from this study show the 
UDS disposal pathway to be the HLW fraction, and Roesener has shown the UDS heel will 
not build [6], the UDS volume in the HLW fraction may be predicted to within a factor of 
ten. Roesener concluded that approximately 1% of the total calcine weight in storage at the 
ICPP would remain as UDS. However, since the dissolution is very dependant upon mixing 
and temperature [1] and since there is insufficient data to predict mixing and temperature 
properties in a full-scale dissolver, the 1% by weight estimate may be too liberal. Herbst and 
coworkers [1] estimate that as much as 10% by weight of the calcine may remain as UDS and 
report to the high-level waste fraction. 

Roesener's data is probably more accurate since his experiments were conducted in 
order to determine the extent of UDS dissolution, whereas Herbst's study was performed to 
define the dissolution parameters. The nature of the Roesener and Herbst estimates is not of 
consequence at this time. It is important to note that the UDS weights, volumes and ensuing 
HLW disposal cost can be estimated by the upper and lower limits. 

UDS volumes can be predicted if an assumption is made that the UDS density is 
similar to the density of the fines generated in the calcination process. Berreth [3] reports the 
average density of calcine fines to be 0.9 g/cm3. Table XVIII shows the minimum and 
maximum volumes of UDS expected to be generated from dissolving 3800 m3 of calcine 
(calculations shown in Appendix C). 
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Table XVIII 
UDS Volumes From Calcine Dissolution 

Calcine Type Minimum (m3) Maximum (m3) 

Aluminum 10.2 102 

Zirconium 53.3 533 

Total 63.5 635 

Multiple analyses of the UDS from a single dissolution, as well as UDS analyses from 
several dissolutions, indicates the actinide and fission product activities in the UDS are 
consistent (see Tables VII and XIII). Since small sample weights of the UDS were fused (1-
30 mg) and the methodical error associated with the techniques used to obtain the UDS, 
weigh the UDS sample, and transfer the UDS, is inherently large, better than expected 
agreement between UDS samples was achieved. This lends to the conclusion that the solids 
are relatively homogenous in nature. 

Because of the actinide and fission product activities found in the UDS, solid/liquid 
separation methods must be evaluated to ensure UDS carryover into the LLW fraction does 
not contaminate this stream to above 10 nCi TRU activity per gram of LLW (grout). An 
estimation of the extent of solids/liquid separation that should occur has been performed using 
the minimum and maximum UDS volumes calculated from zirconium calcine dissolution. 
Zirconium calcine UDS volumes were chosen because of its contribution to the total UDS 
volume. Using the two zirconium UDS volumes shown in Table XVIII and the assumptions 
listed in Appendix D, 97.8 to 99.9 percent of the solids must be removed from the dissolved 
zirconium calcine feed solution in order for this feed stream to meet non-TRU waste criteria. 
Because of the high Sr-90 activity in the UDS, 99.9 to 99.99 percent of the UDS must be 
removed from the dissolved calcine feed for the LLW stream to meet Class A LLW criteria 
(see Appendix D). 
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CONCLUSIONS 

From this study, the following conclusions are made: 

• Greater than 95 wt % calcine dissolution is feasible. 

• The UDS will be relatively homogeneous. 

• The UDS will be primarily composed of A1203, CaF2, CaA102, Ca,, l sZr 0 8 sO, g 5, and possibly 

Nb 2Zr 60 1 7. 

• The UDS disposal pathway will be to HLW. 

• Between 63.5 and 635 m3 of UDS will be generated from the dissolution of 3800 m3 of 
calcine. 

• Between 99.9 and 99.99 % of the UDS must be separated from the dissolved calcine 
solution to prevent unacceptable radionuclide activities in the LLW. 
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RECOMMENDATIONS 

The physical properties of the calcine UDS must be characterized in order to evaluate 
mixing and solids/liquid separation equipment specifications for a full-scale system and to 
better estimate the volume of UDS expected to be generated from calcine dissolution. Particle 
density, particle settling rates, and particle size are important characteristics that need to be 
determined for this development activity. 

Some uncertainty may exist with regard to the dissolution characteristics in a full-scale 
dissolver. Mixing and heating have been shown to greatly affect the extent of calcine 
dissolution. If acid contact with the calcine particles is inefficient and if heat transfer is 
difficult to control, dissolution kinetics can be greatly slowed. Therefore, dissolution 
characteristics with regard to scale-up should be verified. 

UDS from pilot-plant calcine dissolutions should also be generated and supplied to 
HLW Immobilization personnel. These solids could be used for HLW form development 
tests. 
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APPENDIX A 

Aluminum Calcine Analytical Results 
Sample Am-241 

dps/g 
Cm-244 

dps/g 
Pu-238 
dps/g 

Pu-239 
dps/g 

Np-237 
dps/g 

Cs-137 
dps/g 

Sr-90 
dps/g 

Feed* 270 
dps/mL 

98.3 
dps/mL 

1.17E+4 
dps/mL 

142 
dps/mL 

ND 2.29E+6 
dps/mL 

2.52E+6 
dps/mL 

UDS 1A 2.45E+4 4.82E+3 3.12E+6 2.69E+4 ND 3.11E+6 1.24E+8 

UDS 1A 2.32E+4 5.50E+3 4.59E+6 4.45E+4 ND No Data No Data 

UDS IB 2.86E+4 2.76E+3 1.35E+6 1.03E+4 ND No Data 2.14E+6 

UDS IB 2.37E+4 2.86E+3 2.74E+6 1.61E+4 ND No Data No Data 

UDS3A 1.41E+4 2.85E+3 1.51E+6 1.94E+4 ND 5.93E+5 9.53E+6 

UDS3A 1.36E+4 2.92E+3 1.57E+6 1.19E+4 ND No Data No Data 

UDS3B 4.04E+4 7.54E+3 3.73E+6 2.58E+4 ND No Data 2.51E+7 

UDS3B 3.52E+4 7.21E+3 3.69E+6 3.83E+4 ND No Data No Data 

UDS4A 4.97E+4 1.09E+4 4.80E+6 5.79E+4 ND 2.28E6 3.96E+7 

UDS4A 5.46E+4 1.36E+4 4.60E+6 4.59E+4 ND No Data No Data 

UDS4B 2.67E+4 5.25E+3 3.00E+6 3.16E+4 ND No Data 1.80E+7 

UDS4B 2.29E+4 5.01E+3 2.74E+6 2.24E+4 ND No Data No Data 

f Total feed volume = 233 mL 
ND = none detected 
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APPENDIX B 

Zirconium Calcine Analytical Data 

Sample Am-241 
dps/g 

Cm-244 
dps/g 

Pu-238 
dps/g 

Pu-239 
dps/g 

Np-237 
dps/g 

Cs-137 
dps/g 

Sr-90 
dps/g 

Feed* 4.60E+3 
dps/mL 

200 
dps/mL 

4.83E+4 
dps/mL 

1.86E+3 
dps/mL 

20.1 
dps/mL 

8.48E+6 
dps/mL 

1.07E+7 
dps/mL 

Feed 
(Dup) 

4.43E+3 
dps/mL 

224 
dps/mL 

4.97E+4 
dps/mL 

1.81E+3 
dps/mL 

23.3 
dps/mL 

No Data No Data 

UDS 1 2.50E+5 8.31E+3 4.19E+6 1.76E+5 1.10E+4 3.53E+6 1.26E+8 

UDS 1 2.25E+5 8.22E+3 4.31E+6 1.68E+5 9.52E+3 No Data No Data 

UDS 2 2.33E+5 9.90E+3 5.24E+6 2.10E+5 <5.29E+3 4.56E+6 1.12E+8 

UDS 2 2.37E+5 9.40E+3 4.82E+6 1.85E+5 <5.30E+3 No Data No Data 

UDS 3 2.27E+5 6.38E+3 4.24E+6 1.70E+5 6.10E+3 3.70E+6 1.45E+8 

UDS 3 2.21E+5 9.27E+3 4.25E+6 1.70E+5 7.46E+3 No Data No Data 

UDS 4 1.97E+5 5.65E+3 2.44E+6 1.03E+5 <3.26E+3 8.97E+6 9.91E+7 

UDS 4 1.96E+5 7.52E+3 2.46E+6 9.64E+4 <3.08E+3 No Data No Data 

f Total feed volume = 230 mL 
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APPENDIX C 

Estimated UDS Volumes 

Aluminum Calcine 
T o t a l Volume = 765 m3 

D e n s i t y = 1.2 g /cm 3 

(765 m3) ( 1 . 2 g/cm 3 ) (1000 L/m 3) (1 c m 3 / l mL) (1000 mL/1 L) = 9 . 1 8 x l 0 8 g Al C a l c i n e 

Minimum UDS Volume = 1 wt% 
Assume UDS d e n s i t y = 0 . 9 g /cm 3 

9 . 1 8 x 1 0 s g Al c a l ( O . O l ) (1 mL/0 .9 g UDS) (1 L/1000 mL) (1 m 3 / l 0 0 0 L) = 1 0 . 2 m3 UDS 

Maximum UDS Volume = 10 wt% 
Assume UDS d e n s i t y = 0 . 9 g/cm 3 

9 . 1 8 x l 0 8 g Al c a l ( O . l ) (1 mL/0 .9 g UDS) (1 L/1000 mL) (1 m 3 / l 0 0 0 L) = 102 m3 UDS 

Zirconium Calcine 
T o t a l Volume = 3000 m3 

D e n s i t y = 1.6 g /cm 3 

(3 ,000 m3) ( 1 . 6 g/cm 3 ) (1000 L/m 3) (1 c m 3 / l mL) (1000 mL/l L) = 4 . 8 0 x l 0 9 g Zr 
C a l c i n e 

Minimum UDS Volume = 1 wt% 
Assume UDS d e n s i t y = 0 .9 g /cm 3 

4 . 8 0 x 1 0 s g Zr c a l ( O . O l ) (1 mL/0 .9 g UDS) (1 L/1000 mL) (1 m 3 / l 0 0 0 L) = 5 3 . 3 m3 UDS 

Maximum UDS Volume = 1 0 wt% 
Assume UDS d e n s i t y = 0 . 9 g /cm 3 

4 . 8 0 x l 0 9 g Zr c a l ( O . l ) (1 mL/0 .9 g UDS) (1 L/1000 mL) (1 m 3 / l 0 0 0 L) = 533 m3 UDS 
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APPENDIX D 
Solids/Liquid Separation Calculations 

Assumptions: 
1. 3000 m3 of zirconium calcine dissolved. 
2. Calcine density before dissolution = 1.6 g/cm3. 
3. 533 m3 or 53.3 m3 of UDS generated from zirconium calcine 

dissolution. 
4. UDS density =0.9 g/cm3. 
5. 100,000 nCi TRU /g UDS. 
6. The LLW waste stream will be thermally treated to re-convert the 

product solution to metal oxides. 
7. LLW calcine volume = 3000 m3. 
8. LLW calcine density = 1.6 g/cm3. 
9. The metal oxide LLW stream will be grouted. 
10. LLW loading = 45% 
11. All the UDS volume will report to the LLW stream and will be grouted. 
12. The UDS are the only source of actinide and fission product activities 

in the LLW stream. 
1. Best Case TRU Scenario: 

53.3 m3 Zr UDS (1000 L/m3) (1000 mL/L) (0.9 g/mL) = 4.80xl07 g Zr UDS 
4.8X107 g Zr UDS (100,000 nCi TRU/g UDS) = 4.80xl012 Total TRU nCi 
3000 m3 Zr calcine(1000 L/m3) (1000 mL/L) (1.6g/mL) = 4.80xl09 g calcine 
4.80x10" Total TRU nCi/4.80 x 109 g LLW calcine = 1,000 nCi/g LLW 
calcine 
(45 g LLW calcine/100 g grout) (1,000 nCi/g LLW calcine) = 450 nCi/g 
grout 
100 - {(10 nCi/g)/(450 nCi/g) x 100} = 97.8 % solids separation 

2. Worst Case TRU Scenario: 
533 m3 Zr UDS (1000 L/m3) (1000 mL/L) (0.9 g/mL) = 4.80xl08 g Zr UDS 
4.8xl08 g Zr UDS (100,000 nCi TRU/g UDS) = 4.80x10" Total TRU nCi 
3000 m3 Zr calcine(1000 L/m3) (1000 mL/L) (1.6g/mL) = 4.80xl09 g calcine 
4.80x10" Total TRU nCi/4.80 x 109 g LLW calcine = 10,000 nCi/g LLW 
calcine 
(45 g LLW calcine/100 g grout)(1,000 nCi/g LLW calcine) = 4,500 nCi/g 

grout 
100 - {(10 nCi/g)/(4,500 nCi/g) x 100} = 99.9 % solids separation 
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3 . Bsst Case Sr-90 Scena r io ; 

53.3 m3 UDS (3,000 Ci Sr-90/m 3 UDS) = 1.60x10 s Tota l Ci Sr-90 

1.60x10 s To ta l Ci Sr-90/3 ,000 m3 LLW Calcine = 53.3 Ci Sr-90/m 3 

100 - {(0.04 Ci/m 3 /53.3 Ci/m 3)}xl00 = 99.9 % s o l i d s s e p a r a t i o n 

4. Worst Case Sr-90 Scenario: 

533 m3 UDS (3,000 Ci Sr-90/m 3 UDS) = 1.60x10 s Tota l Ci Sr-90 

1.60x10 s To ta l Ci Sr-90/3 ,000 m3 LLW Calcine = 533 Ci Sr-90/m 3 

100 - {(0.04 Ci/m 3/533 Ci/m3) }xl00 = 99.99 % s o l i d s s e p a r a t i o n 

Note: Sr-90 a c t i v i t y p e r M3 of UDS a r e from page 30 of t h i s document. 
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