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1.1

1.0 Introduction

This report describes the results of a test conducted by Battelle to assess the effects 
of inhibited water washing and caustic leaching on the composition of the C-104 HLW 
solids. The objective of this work was to determine the composition of the C-104 solids 
remaining after washing with 0.01 M NaOH or leaching with 3 M NaOH. Another objective 
of this test was to determine the solubility of the C-104 solids as a function of temperature. 
The work was conducted according to test plan BNFL-TP-29953-8, Rev. 0, Determination of 
the Solubility of HLW Sludge Solids.
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2.0 Personnel

The key Battelle personnel and their responsibilities in performing this test are given 
below.

Staff Member Responsibilities

G.J. Lumetta
Cognizant scientist. Prepared test plan and designed 
experiment. Supervised performance of the test. Prepared 
analytical service request. Interpreted data and reported results.

F.V. Hoopes Hot cell technician. Performed test.

D.J. Bates Statistical analysis of data.

M.W. Urie Managed chemical and radiochemical analytical work.

B.M. Rapko Technical reviewer.

K.P. Brooks Task Leader.
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3.0 Experimental

Sample Description. The sample used in this test was labeled as C104-GL. The C-104
HLW sample was composited as described in test plan BNFL-29953-031, C-104 Sample 
Compositing. Figure 3.1 summarizes the compositing and sub-sampling scheme. The C-104
sample was received from Hanford�s 222-S Laboratory on March 3, 1999. This material was 
received in 14 glass jars. Figure 3.1 lists the sample numbers along with the mass of material 
recovered from each jar. The material in the jars was transferred to a stainless steel mixing 
vessel equipped with a motorized impeller. Before being used, all components of the mixing 
vessel were rinsed with methanol and then dried at 102°C for 12 h. Materials in the vessel 
were mixed for 1 h and 20 min before collecting sub-samples. The materials were actively 
mixed while sub-samples were collected through a 1.9-cm (.75-in.) ball valve located on the 
bottom of the vessel. The hot-cell temperature during the mixing process was 34°C.

The first three sub-samples (C-104 COMP A, B, and GL) were collected and allowed 
to settle. After approximately 10 days, the volume of settled solids in these three samples 
was measured to determine the effectiveness of the sub-sampling technique at collecting 
samples with representative solids/liquid ratios. The three sub-samples contained 88.9, 89.2, 
and 89.9 vol% settled solids indicating that the sampling technique provided representative 
sub-samples.

Figure 3.1.  Compositing and Sub-Sampling Scheme For the Tank C-104 Sample

Sample # Weight, g Sample # Weight, g
16273 150.046 16280 141.802
16274 157.638 16281 142.608
16275 176.435 16282 160.345
16276 157.212 16283 159.172
16277 162.65 16284 160.251
16278 164.872 16285 147.301
16279 149.645 16286 151.652

Total = 2181.629 g

5.7% loss
124.129 g

C-104 Comp A
C-104 Comp B

168.9 g
170.3 g

C-104 Comp E 125.2 g

165.6 g
C-104 Comp C 605.7 g
C-104 Comp D 608.5 g
C-104 RIN 172.4 g
C-104 RIN2 40.9 g

Total 1427.5 g

C-104 Comp GLCUF Ultrafiltration Testing

"As Received" 
Analytical Samples

Solublity vs. Temperature and
Water & Caustic Insoluble

Solids Tests

C-104 "As Received" Samples

Composite & Homogenize 
Sample

2057.5 g total
29 wt% insoluble solids
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Apparatus. The apparatus used consisted of an aluminum heating block placed on a 
hot plate/stirrer, which was modified so that separate power could be applied to the heating 
and stirring functions. This allowed for continuous stirring, while the hot plate was powered 
by a temperature controller. The temperature controller used was a J-KEM Model 270 (J-
KEM Electronics, Inc., St. Louis, MO). This temperature controller consists of two separate 
circuits. One is the temperature control circuit, while the other serves as an over-temperature
device, which shuts down the system if a preset temperature is exceeded. The set point for 
the over-temperature circuit was set at 100°C for this test. A dual K-type thermocouple 
(model number CASS-116G-12-DUAL, Omega Engineering, Stamford, CT) was used to 
provide inputs to the temperature controller and over-temperature circuits. Both the J-KEM
Model 270 and the dual thermocouple were calibrated before use. The aluminum heating 
block contained two wells. A vial containing water was placed in one of the wells, with the 
thermocouple wedged between this vial and the aluminum block. The vessel containing the 
sample was placed in the other well.

Procedure.(a) Because the stock C-104 HLW sample was very thick and not very 
fluid, 20 mL of 0.1 M NaOH was added to assist in homogenization. The sample was then 
placed on a shaker to homogenize immediately before use.

Solubility Versus Temperature. A 31.0459-g aliquot was transferred from C104 GL to a 
60-mL high density polyethylene (HDPE) bottle (this bottle also contained a Teflon®-
coated magnetic stir bar). Correcting for the 0.1 M NaOH added to fluidize the sample, this 
corresponded to 27.4 g of the as-received C-104 HLW sample. The sample bottle was sealed, 
then was heated and stirred at 30 ± 2 °C for 18 h. Two aliquots (4-mL each) were taken for 
analysis. Each aliquot was immediately filtered through a 0.45-µm nylon syringe filter that 
had been preheated by immersion in a boiling water bath. The filter was preheated to reduce 
the possibility of precipitation during the filtration step. The sample was very difficult to 
filter; less than 1 mL of clarified liquid was obtained from each aliquot. The temperature was 
increased to 40 ± 2 °C and the sample was stirred for 24 h. The mixture was sampled in the 
same manner as described above, except that only 2-mL aliquots were used (this actually 
yielded more liquid sample than when 4-mL aliquots were used, probably because there were 
less solids present to plug the filter). The temperature was increased to 50 ± 2 °C and the 
sample was stirred for 21 h. Again, the mixture was sample in the same manner as described
above (2-mL aliquots). Because of the small volumes of each of the liquid samples take, only 
inductively-coupled plasma atomic emission spectroscopy (ICP/AES) analysis was 
performed (following acid digestion).

Determination of Aqueous-Insoluble Fraction. A 50.8765-g aliquot (44.8 g of as-received C-
104 sample) was filtered through a 0.45-µm nylon filter membrane. As was observed in the 
solubility versus temperature test, the filtration process was relatively slow. The filtered 
solids were transferred to a 125-mL high density polyethylene (HDPE) bottle (this bottle 
also contained a Teflon®-coated magnetic stir bar) using a spatula.(b) The residual solids were 
transferred from the filter to the HDPE bottle using numerous portions of aqueous 0.01 M
NaOH. The bottle was filled to capacity with 

(a) See Appendix A for a copy of the test plan and procedural notes.
(b) The wet solids were very sticky.
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0.01 M NaOH. The bottle was equipped with a condenser tube, which allowed the system to 
vent during heating, but minimized evaporation. The mixture was heated and stirred at 85 ±
2 °C for 16.5 h. The test plan indicated that the washing slurry should be cooled prior to 
filtration, but as per instructions from BNFL, the slurry was filtered while hot. The hot 
washing slurry was filtered through a pre-weighed 0.45-µm nylon filtration unit. The weight 
of the filtrate was 100.13 g while the weight of the filtered solids was 41.64 g. 

The filtered solids were transferred back into the HDPE bottle using a spatula. 
Again, the residual solids were transferred from the filter to the HDPE bottle using 
numerous portions of aqueous 0.01 M NaOH, then the bottle was filled to capacity with 
0.01 M NaOH yielding ~123 g of slurry. The mixture was heated and stirred at 85 ± 2 °C for 
22.5 h. The washing slurry was again filtered while hot yielding 82.79 g of washing solution 
and 40.49 g of wet solids. This process was repeated a third time. For the final washing step, 
the slurry was heated at 85 ± 2 °C for 24 h; 93.11 g of washing liquid was collected and the 
weight of the wet solids was 48.55 g. A composite sample of the three wash solutions was 
prepared for analysis.

After the final washing step, the filtered solids were transferred to a pre-weighed
glass jar using deionized water. Excess water was evaporated at 80°C, then the solids were 
dried overnight at 105°C yielding 14.3589 g of dried washed solids. 

Determination of Caustic-Insoluble Fraction. A 45.8422-g aliquot (40.4 g of as-received C-
104 sample) was filtered through a 0.45-µm nylon filter membrane. The filtered solids were 
transferred to a 125-mL high density polyethylene (HDPE) bottle (this bottle also contained 
a Teflon®-coated magnetic stir bar) using a spatula. The residual solids were transferred 
from the filter to the HDPE bottle using numerous portions of aqueous 3 M NaOH. The 
bottle was filled to capacity with 3 M NaOH yielding ~140 g of slurry. The bottle was 
equipped with a condenser tube, which allowed the system to vent during heating, but 
minimized evaporation. The mixture was heated and stirred at 85 ± 2 °C for 21.5 h. As per 
instructions from BNFL, the leaching slurry was filtered while hot. The hot slurry was 
filtered through a pre-weighed 0.45-µm nylon filtration unit. The weight of the filtrate was 
98.84 g and the wet solids weighed 41.47 g. A sample of the leaching solution was taken for 
analysis.

Most of the filtered solids were transferred back into the HDPE bottle using a 
spatula. Several ~10-mL aliquots of 0.01 M NaOH were used to transfer the remaining 
filtered solids back into the HDPE bottle. The slurry volume was made to ~100 mL with 
additional 0.01 M NaOH (total slurry weight ~123 g). The mixture was heated and stirred at 
85 ± 2 °C for 21 h. The washing slurry was again filtered while hot yielding 92.45 g of 
washing solution and 33.35 g of wet solids. The washing process was repeated. For the final 
washing step, the slurry was heated at 85 ± 2 °C for 22.5 h, 88.31 g of washing liquid was 
collected, and the weight of the wet solid was 33.92 g. A composite sample of the two wash 
solutions was prepared for analysis.

After the final washing step, the filtered solids were transferred to a pre-weighed
glass jar using deionized water. Excess water was evaporated at 80°C, then the solids were 
dried overnight at 105°C yielding 7.6051 g of dried leached solids. 
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4.0 Results

4.1 Solubility Versus Temperature

Tables 1, 2, and 3 present the concentrations of various C-104 waste components at 
30, 40, and 50°C, respectively. Two sets of values are presented in each table. The first set of 
values is the analyte concentrations as determined directly on the aliquots analyzed. In the 
second set of values, the concentrations have been adjusted for loss in the sample weight 
that occurred between the time the aliquot was taken and the time the analyses were 
initiated. These adjustments were made assuming the weight losses were due to evaporation. 

Tables 4 and 5 show the changes in the concentrations at 40 and 50°C relative to 
those at 30°C. Appendix D discusses a graphical analysis of the data, as well as regression 
results of fitting the component concentrations versus temperature. Based on this data set, 
only limited conclusions can be drawn. The following discussion will be limited to those 
analytes for which meaningful conclusions can be drawn. 

The regression analysis of the adjusted data indicated statistically significant 
concentration changes only for Ag, Cd, Cr, Fe, and P (Appendix D). The Ag concentration 
was below detection limit at 30°C, but appeared to increase when the temperature was raised 
to 40 and 50°C. Similarly, the Cr concentration increased steadily with increasing
temperature up to 50°C. Interestingly, the Cd, Fe, and P concentrations decreased with 
increasing temperature. The reason for this trend is not clear.

4.2 Dilute Hydroxide Washing

Table 6 presents the concentration of the C-104 components in a composite of the 
three wash solutions. The composite wash sample was prepared by mixing measured 
quantities of each wash solution; the relative weight of each wash solution corresponded to 
the fraction of the total wash solution represented by each. The composite wash solution 
was weighed immediately before analytical work was begun. The total weight of the sample 
had decreased 0.2% since the time the composite was first prepared. The concentrations 
determined were adjusted for this weight loss, assuming the weight loss was due to 
evaporation. The adjusted concentrations were then multiplied by the total combined weight 
of the three wash solutions (293.515 g) to yield the quantity of each component present in 
the wash solutions. 

Table 7 presents the results of the analysis of the dilute hydroxide-washed C-104
solids. The solids were solubilized for ICP/AES analysis by KOH and Na2O2 fusion 
methods. Duplicate fusions and ICP/AES analyses were done for each type of fusion. Mean 
values from these determinations are presented in the table along with the standard deviation 
from the mean and the relative error. The relative error was obtained by the following 
formula: %RSD = 100(Std.Dev./Mean). For all the elements determined by ICP/AES the 
relative error was #10%, indicating good agreement between the duplicate measurements. 
Except where noted in the table, the mean values from all four measurements were used to 
determine the quantity of each component in the washed solids. 
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The Hg concentration was determined on the washed solids by cold vapor atomic 
absorption spectrophotometry following an oxidative acidic leaching of the solids. The mean 
Hg concentration was 96 µg/g and good agreement was achieved between duplicates.

TIC/TOC determination was performed using the hot persulfate method. This 
analysis was performed directly on the washed solids (not on fused material). Good 
reproducibility (5%) was achieved between duplicate TIC/TOC analyses. To date, no 
reliable method has been developed to quantify the anions present in Hanford tank solids. 
Anion (Cl-, F-, NO3

-, SO4
2-, PO4

3-, and C2O4
2-) analysis was done by IC on a solution obtained 

by leaching the washed solids with deionized water. This in essence yielded the water-soluble
anions not completely removed by the washing test. Only small amounts of soluble NO3

-

and perhaps PO4
3- were found in the washed sludge. The low PO4

3- concentration revealed 
by IC suggests that P found by ICP is indeed due to some water-insoluble P-containing
phase(s). The chromatograms suggested interference in the F- peak by organic anions. 
Hence, the fluoride values are viewed as unreliable. 

Cyanide analysis on the washed solids revealed 13 µg CN-/g. Reproducibility 
between duplicate CN- analyses was good. Ammonia was determined by ion-selective
electrode using water-slurries of the solids. Ammonia was not detected (< 9 µg/g) in the 
dried washed solids; however the value should be treated with caution since the solids were 
dried at 105°C prior to analysis.

Radiochemical analyses were performed on the solutions prepared by KOH fusion. 
Cesium-137, 241Am, 154Eu, and 155Eu were determined by gamma spectroscopy. 
Americium-241 was also determined by alpha spectroscopy following Pu separation , as were 
238Pu, 239+240Pu, 242Cm, and 243+244Cm. Technetium-99, 129I, 235U, 238U, 237Np, 239Pu, and 240Pu
were determined by ICP-MS. Strontium-90 was determined by proportional beta-counting
following separation of this isotope. 

Agreement between duplicate measurements was good. The values obtained for 
241Am by gamma and alpha spectroscopies agreed within 10%. Agreement between the 
ICP-MS results and the alpha spectroscopic results was also good. The combined activities 
for 239Pu and 240Pu as determined by ICP-MS were 7.01 µCi/g and the 239+240Pu value 
obtained by alpha spectroscopy was 7.07 µCi/g. There was some inconsistency regarding the 
U analysis. The ICP-MS analysis revealed 54,800 µg/g (235U + 238U), but only 25,550 µg total 
U was indicated by laser fluorimetry analysis. To be conservative, the higher U value should 
probably be used. This use of the higher value is supported by the ICP-AES data, which 
indicated 44500 µg U/g.

Table 8 presents the composition of the dilute hydroxide-washed C-104 solids and 
the percent of each component removed by dilute hydroxide washing. In addition, the 
composition of the �untreated� C-104 sample used in this test is presented. These values 
were obtained by summing the amount of the given component found in the wash solutions 
(Table 6) and the washed solids (Table 7), then dividing this total by the weight of the C-104
sample used. The washed solids were dominated by Al (15.2 wt%), Zr (5.1 wt%), 
Fe (4.6 wt%), Na (1.8 wt%), Si (1.3 wt%), and Mn (1.1 wt%). The concentrations of the 
major radionuclides contained in the washed solids were 17 µCi TRU/g (as indicated by the 
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total alpha concentration), 7 µCi 241Am/g, 5 µCi 239Pu/g, 784 µCi 90Sr/g, and 44 µCi 137Cs/g,
indicating the solids should be treated as HLW.

The wash solutions were stable over a period of ~5.5 months. No precipitates were 
observed in the solutions after this period of time.

4.3 Caustic Leaching

Table 9 presents the concentration of the C-104 components in the caustic leach 
solution and in a composite of the two wash solutions. The composite wash sample was 
prepared by mixing measured quantities of each wash solution; the relative weight of each 
wash solution corresponded to the fraction of the total wash solution represented by each. 
The samples were weighed immediately before analytical work was begun. The weight of the 
leach solution sample had decreased 0.06% and that of the composite wash solution sample 
had decreased 0.23% since the time the samples were first prepared. The concentrations 
determined were adjusted for this weight loss, assuming the weight loss was due to 
evaporation. The adjusted concentrations were then multiplied by the weight of the leach 
solution (98.8366 g) or the combined weight of the two wash solutions (180.7635 g) to yield 
the quantity of each component present in the leach and the wash solutions, respectively.

Table 10 presents the results of the analysis of the caustic leached C-104 solids. 
Analysis of these solids was conducted in the same way as for the dilute hydroxide-washed
solids. Generally, excellent agreement between duplicate measurements was obtained for the 
analytes determined by ICP/AES. The single exception being Mg. Again, the mean values 
from all four measurements were used to determine the amount of each component in the 
leached solids, except where noted in the table.

As with the dilute hydroxide-washed solids, the IC results indicated only small 
amounts of soluble NO3

- and perhaps PO4
3- were in the leached sludge. The low PO4

3-

concentration revealed by IC suggests that P found by ICP is indeed due to some water-
insoluble P-containing phase(s). The chromatograms suggested interference in the F- peak by 
organic anions. Hence, the fluoride values are viewed as unreliable. TIC/TOC analyses of 
the leached solids yielded very good reproducibility between duplicates.

Cyanide analysis on the leached solids revealed 23 µg CN-/g, with good 
reproducibility between duplicates. Ammonia was determined by ion-selective electrode 
using water-slurries of the solids. Ammonia was not detected (< 9 µg/g) in the dried leached 
solids; however the value should be treated with caution since the solids were dried at 105°C 
prior to analysis.
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The relative uncertainties for the radionuclides, except for 242Cm and 243+244Cm, were 
less than 10% indicating good reproducibility between duplicates. The values obtained for 
241Am by gamma and alpha spectroscopies agreed within 2% indicating good agreement 
between the two methods. However, the ICP-MS and the alpha spectroscopic results were 
inconsistent. The combined activities for 239Pu and 240Pu as determined by ICP-MS were 13.0 
µCi/g and the 239+240Pu value obtained by alpha spectroscopy was 26.1 µCi/g. To be 
conservative, the higher value should probably be used. In contrast, the U value obtained by 
ICP-MS [96,560 µg/g (235U + 238U)] agreed well with the value of 100,100 µg total U 
indicated by laser fluorimetry analysis and 90,600 µg U/g determined by ICP-AES (Na2O2
fusion prep).

Table 11 presents the composition of the caustic-leached C-104 solids and the 
percent of each component removed by caustic leaching. In addition, the composition of the 
�untreated� C-104 sample used in this test is presented. These values were obtained by 
summing the amount of the given component found in the leaching and washing solutions 
(Table 9) and the leached solids (Table 10), then dividing this total by the weight of the 
C-104 sample used. The leached solids were dominated by Th (11.6 wt%), Zr (10.2 wt%), 
U (10.0 wt%), Fe (8.1 wt%), Na (3.5 wt%), Al (3.4 wt%), Si (2.2 wt%) and Mn (1.9 wt%). 
The concentrations of the major radionuclides contained in the washed solids were 58 µCi 
TRU/g (as indicated by the total alpha concentration), 26 µCi 241Am/g, 26 µCi 239+240Pu/g,
2820 µCi 90Sr/g, and 136 µCi 137Cs/g, indicating the solids should be treated as HLW.

It should be noted that the composition for the original C-104 solid listed in Table 8 
should agree with that listed in Table 11. The composition generally agrees, however the Al 
value obtained from the washing test is much less than that obtained in the leaching test. 
This was perhaps due to sample inhomogeneity, but a more likely reason is incomplete Al 
dissolution in the fusion preparations for the washed solids. Significant solids remained 
when the fused material from the washed solids was taken up in solution for analysis. These 
solids were suspended by stirring and an aliquot of the resulting suspension was diluted with 
2% HCl, yielding a clear solution. However, it is possible that the solids were not suspended 
in a homogeneous manner. Thorium and U are other key components that do not agree very 
well.

The caustic leach solution was not stable. Although the solution remained clear after 
one day, a gel-like material had formed on the bottom of the container after ~20 days. 
Considerable solids were present after 5.5 months. The wash solutions were stable for ~ 1.5 
months, but white solids had formed in the second wash solution after 5.5 months. 
Interestingly, the first wash solution was clear after 5.5 months. It is not clear why solids 
formed in the second wash solution, but not the first. It could be due to the lower hydroxide 
concentration in the second wash solution.
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Table 4.  Unadjusted Concentration Changes Relative to 30°C

Pooled 40°C 50°C

Analyte %RSD(a) % Change(b) Std. Dev.(c) 90% C.I.(d) % Change(b) Std. Dev.(c) 90% C.I.(d)

Ag (e) (e) -- -- (e) -- --

Al 37 -76 13 ± 30 -51 26 ± 60

Ba -- (e) -- -- (e) -- --

Ca 62 9 95 ± 224 36 119 ± 279

Cd 13 -45 10 ± 23 -57 8 ± 18

Co 11 -28 12 ± 27 -33 11 ± 25

Cr 14 -12 17 ± 40 0 19 ± 45

Cu 12 -28 12 ± 29 -37 11 ± 26

Fe 17 -40 15 ± 35 -51 12 ± 28

K 12 -26 13 ± 30 -34 12 ± 28

La (e) (e) -- -- (e) -- --

Mg -- -38 -- -- -14 -- --

Mn (e) (e) -- -- (e) -- --

Mo 12 -26 12 ± 29 -35 11 ± 26

Na 10 -17 12 ± 28 -27 11 ± 25

Ni 14 -31 13 ± 31 -40 12 ± 27

P 13 -33 12 ± 29 -44 10 ± 24

Pb (e) (e) -- -- (d) -- --

Si 23 0 33 ± 78 11 37 ± 86

Ti (e) (e) -- -- (e) -- --

U (e) (e) -- -- (e) -- --

Zn 45 -66 21 ± 50 -55 28 ± 67

Zr (e) (e) -- -- (e) -- --

(a) Pooled %RSD is the pooled  percent relative standard deviation, obtained as the root mean 
square of the %RSD values at 30°C, 40°C, and 50°C. 

(b) The percent change is given by: %Change = 100*(CT - C30)/C30, where CT is the average
concentration at temperature T (40 or 50°C) and C30 is the average concentration at 30°C.

(c) Std.Dev. of % Change is the standard deviation of the % Change values at 40°C and 50°C, both
relative to 30°C.  It is computed as CT/C30*Sqrt(2)*%RSD.

(d) 90% two-sided confidence intervals were constructed assuming a statistical t-distribution with 3
degrees of freedom. % Change values larger than their 90% C.I. are considered significant 
evidence of a change due to temperature.  Such values are shown in boldface.

(e) Analyte not detected in solution for at least one temperature.
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Table 5.  Adjusted Concentration Changes Relative to 30°C

Pooled 40°C 50°C

Analyte %RSD(a) % Change(b) Std. Dev.(c) 90% C.I.(d) % Change(b) Std. Dev.(c) 90% C.I.(d)

Ag (e) (e) -- -- (e) -- --

Al 35 -66 17 ± 40 -30 35 ± 82

Ba -- (e) -- -- (e) -- --

Ca 64 45 131 ± 309 153 229 ± 538

Cd 6 -23 7 ± 16 -37 5 ± 13

Co 5 1.1 7 ± 16 -1.7 7 ± 15

Cr 7 24 12 ± 29 47 15 ± 35

Cu 6 0.2 8 ± 19 -8.0 8 ± 18

Fe 16 -15 19 ± 44 -27 16 ± 39

K 6 2.9 9 ± 20 -2.4 8 ± 19

La (e) (e) -- -- (e) -- --

Mg -- -19 -- -- 21 -- --

Mn (e) (e) -- -- (e) -- --

Mo 6 3.3 8 ± 19 -5.2 8 ± 18

Na 4 16 6 ± 14 7.8 5 ± 13

Ni 7 -3.9 9 ± 22 -12 9 ± 20

P 6 -6.6 8 ± 20 -18 7 ± 17

Pb (e) (e) -- -- (e) -- --
Si 30 37 58 ± 135 62 68 ± 160
Ti (e) (e) -- -- (e) -- --
U (e) (e) -- -- (e) -- --
Zn 40 -53 27 ± 63 -35 36 ± 86
Zr (e) (e) -- -- (e) -- --

(a) Pooled %RSD is the pooled percent relative standard deviation, obtained as the root mean 
square of the %RSD values at 30°C, 40°C, and 50°C. 

(b) The percent change is given by: %Change = 100*(CT - C30)/C30, where CT is the average 
concentration at temperature T (40 or 50°C) and C30 is the average concentration at 30°C.

(c) Std.Dev. of % Change is the standard deviation of the % Change values at 40°C and 50°C, 
both relative to 30°C.  It is computed as CT/C30*Sqrt(2)*%RSD.

(d) 90% two-sided confidence intervals were constructed assuming a statistical t-distribution with 
3 degrees of freedom. % Change values larger than their 90% C.I. are considered significant 
evidence of a change due to temperature.  Such values are shown in boldface.

(e) Analyte not detected in solution for at least one temperature.
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Table 6.  Dilute Hydroxide Washing of C-104 Sludge: Analysis of the Composite Wash Solution(a)

Amount (µCi or µg)

Analyte Direct Adjusted(b) in Wash Solutions

Ag 0.654 0.653 192

Al 126 126 36901

Ba (0.053) (0.053) (16)

Ca 11.7 11.7 3426

Cd (0.52) (0.52) (152)

Co (0.19) (0.19) (56)

Cr 12.5 12.5 3661

Cu 0.638 0.637 187

Fe (0.33) (0.33) (97)

Hg Not Measured -- --

K (51) (51) (14936)

La < 0.1 < 0.1 < 26

Mg 4.6 4.5 1335

Mn < 0.02 < 0.02 < 5

Mo (0.72) (0.72) (211)

Na 10800 10776 3162901

Ni 9.79 9.77 2867

P 107 107 31336

Pb < 0.2 < 0.2 < 62

Si 112 112 32800

Th < 3 < 3 < 879

Ti (0.035) (0.035) (10)

U 14.7 14.7 4305

Zn (0.56) (0.56) (164)

Zr < 0.1 < 0.1 < 26

TOC 775 773 226967

TIC 680 678 199146

Cl- 150 150 43929

F- (c) 5000 4989 1464306

NO3
- 1450 1447 424649

SO4
2- 400 399 117144

PO4
3- < 250 < 249 < 73215

CN- Not Measured -- --

NH3 Not Measured -- --
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Table 6.  Dilute Hydroxide Washing of C-104 Sludge: Analysis of the Composite
Wash Solution (con�t)

Amount (µCi or µg)

Analyte Direct Adjusted(b) in Wash Solutions
137Cs 3.84E+00 3.83E+00 1.12E+03
90Sr 2.91E-03 2.90E-03 8.52E-01
99Tc 1.39E-03 1.38E-03 4.06E-01
241Am(() < 5E-03 < 5E-03 < 1E+00
241Am(") Not Measured -- --
154Eu < 3E-04 < 3E-04 < 9E-02
155Eu < 5E-03 < 5E-03 < 1E+00
14C(e) Not Measured -- --
129I Not Measured -- --
235U Not Measured -- --
238U Not Measured -- --
237Np Not Measured -- --
238Pu Not Measured -- --
239Pu Not Measured -- --
240Pu Not Measured -- --
239+240Pu Not Measured -- --
243+244Cm Not Measured -- --
242Cm Not Measured -- --

Total Alpha 1.16E-04 1.16E-04 3.40E-02

(a) Concentrations for radionuclides are in units of µCi/g; all 
other components are in units of µg/g. Values in parentheses 
are within 10 times the analytical detection limit, and thus 
have uncertainties >15%.

(b) Value adjusted for the 0.2% loss in sample weight that 
occurred before analysis; this weight loss was assumed to be 
due to evaporation.

(c) Quantified by IC system as fluoride, but slight retention 
time peak shift and peak shape suggest significant organic 
anion interference. It is highly probable that there is little or 
no fluoride actually present in the sample.
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Table 8.  Concentrations in the Washed and Untreated C-104 Solids and the Relative Amount of Each 
Component Removed by Dilute Hydroxide Washing

Washed Solids(a) Original Sample(c)

Analyte

µg or 
µCi/g dry 

solids
Pseudo 95% C.I. (if 

%RSDs=10)(b)
µg or µCi/g 

sample

Pseudo 95% 
C.I. (if 

%RSDs=10)(b) Removed,%(d)
Pseudo 95% C.I. 
(if %RSDs=10)(c)

Ag 987 ± 140r 321 ± 45r 1 ± 0.3r

Al 151750 ± 21476r 49461 ± 6885r 2 ± 0.4r

Ba 189 ± 27r 61 ± 9r 1 ± 0.14r

Ca 4823 ± 682r 1622 ± 219r 5 ± 1.1r

Cd 894 ± 126r 290 ± 41r 1 ± 0.3r

Co < 126 -- < 42 -- 3 --

Cr 1495 ± 211r 561 ± 70r 15 ± 3r

Cu 215 ± 30r 73 ± 10r 6 ± 1.4r

Fe 46300 ± 6549r 14842 ± 2099r 0 ± 0.004r

Hg 96 ± 14r 31 ± 4r -- --

K < 2068 -- < 996 -- > 33 --

La 130 ± 18r 42 ± 6r 1 ± 0.3r

Mg 965 ± 136r 339 ± 44r 9 ± 2.1r

Mn 10725 ± 1517r 3437 ± 486r 0 ± 0.0008r

Mo < 81 -- < 31 -- 15 --

Na(e) 17724 ± 2507r 76281 ± 14143r 93 ± 25r

Ni 2905 ± 411r 995 ± 132r 6 ± 1.5r

P 4865 ± 688r 2259 ± 261r 31 ± 7r

Pb 1768 ± 250r 567 ± 80r 0 ± 0.06r

Si 12525 ± 1773r 4747 ± 587r 15 ± 4r

Th 37850 ± 5353r 12131 ± 1716r 0 ± 0.04r

Ti 2750 ± 389r 882 ± 125r 0 ± 0.006r

U 25550 ± 3613r 8285 ± 1158r 1 ± 0.3r

Zn 230 ± 33r 77 ± 10r 5 ± 1.1r

Zr 50900 ± 7198r 16314 ± 2307r 0 ± 0.0009r

TOC 10250 ± 1450r 8351 ± 1115r 61 ± 14.6r

TIC 2470 ± 349r 5237 ± 896r 85 ± 22.3r

Cl- 120 ± 17r 1019 ± 196r 96 ± 26.7r

F- 2750 ± 389r 33567 ± 6538r 97 ± 27.2r

NO3
- 1400 ± 198r 9927 ± 1897r 95 ± 26.4r

SO4
2- < 600 -- 2810 > x > 2615 -- 93 --

PO4
3- 630 ± 89r 202 ± 29r < 89 --

CN- 13 ± 2r 4 ± 1r -- --

NH3 < 9 -- < 3 -- -- --
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Table 8.  Concentrations in the Washed and Untreated C-104 Solids and the Relative Amount of 
Each Component Removed by Dilute Hydroxide Washing (con�t)

Washed Solids(a) Original Sample(c)

Analyte

µg or 
µCi/g dry 

solids

Pseudo 95% 
C.I. (if 

%RSDs=10)(b)
µg or µCi/g 

sample

Pseudo 95% C.I. 
(if

%RSDs=10)(b) Removed,%(d)

Pseudo 95% 
C.I. (if 

%RSDs=10)(c)

137Cs 4.40E+01 ± 6.22E+00r 3.92E+01 ± 5.40E+00r 64 ± 16r
90Sr 7.84E+02 ± 1.11E+02r 2.51E+02 ± 3.55E+01r 0.0076 ± 0.0019r
99Tc 3.69E-02 ± 5.22E-03r 2.09E-02 ± 2.47E-03r 43 ± 10r
241Am(() 6.98E+00 ± 9.87E-01r 2.27E+00 ± 3.16E-01r < 1.4 ± 0.4r
241Am(") 7.51E+00 ± 1.06E+00r -- -- -- --
154Eu 2.21E+00 ± 3.12E-01r 7.09E-01 ± 9.99E-02r < 0.28 ± 0.07r
155Eu 1.33E+00 ± 1.88E-01r 4.59E-01 ± 6.06E-02r < 7.1 ± 1.7r
14C < 7E-03 -- < 2E-03 -- -- --
129I 6.22E-04 ± 8.80E-05r 1.99E-04 ± 2.82E-05r -- --
235U 8.63E-04 ± 1.22E-04r 2.77E-04 ± 3.91E-05r -- --
238U 1.85E-02 ± 2.62E-03r 5.93E-03 ± 8.39E-04r -- --
237Np 6.56E-03 ± 9.28E-04r 2.10E-03 ± 2.97E-04r -- --
238Pu 7.90E-01 ± 1.12E-01r 2.53E-01 ± 3.58E-02r -- --
239Pu 5.18E+00 ± 7.33E-01r 1.66E+00 ± 2.35E-01r -- --
240Pu 1.83E+00 ± 2.59E-01r 5.87E-01 ± 8.29E-02r -- --
239+240Pu 7.07E+00 ± 9.99E-01r 2.26E+00 ± 3.20E-01r -- --
243+244Cm 1.03E-01 ± 1.45E-02r 3.29E-02 ± 4.65E-03r -- --
242Cm 1.37E-02 ± 1.93E-03r 4.37E-03 ± 6.19E-04r -- --

Total Alpha 1.67E+01 ± 2.36E+00r 5.35E+00 ± 7.57E-01r 0.014 ± 0.003r

(a) The concentration in the washed solids was determined by summing the quantity found in the washed 
solids (Table 7) and dividing by the total weight (14.3589 g) of the washed solids (dry basis at 105°C).

(b) Pseudo 95% Confidence Intervals (C.I.) were approximated using propagation of error techniques for the
case where the %RSD of all analytical measures used is 10% and all measures are independent  The 
reader can review other potential %RSD values by multiplying the cell value by r, where r is %RSD/10.

(c) The concentration in the as-received sample was determined by summing the quantity found in the wash
solution (Table 6) and the washed solids (Table 7) and dividing by the total weight (44.8 g) of sample 
used. Exceptions to this are cyanide, ammonia, mercury, C-14, I-129, U-235, U-238, Np-237, Pu-238,
Pu-239, Pu-240, Pu-239+240, Cm-242, and Cm243+244. For these analytes only that found in the 
washed solids was included in the calculation (the wash solutions were not analyzed for these).

(d) The percent removed was determined by the following formula: %Removed = 100*Fw/(Fw+Fs); where 
Fw is the fraction in the wash solution and Fs is the fraction in the washed solids. The exception is Hg, 
where only that found in the solids was considered.

(e) The values for Na are not corrected for Na added as NaOH during the washing process.
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Table 9.  Caustic Leaching of C-104 Sludge: Analysis of the Leaching Solution and the Composite 
Wash Solution(a)

Leach Solution C104-OH-3 Composite Wash Solution C104-OH-9

Analyte Direct Adjusted(b) Amount (µCi or µg) Direct Adjusted(c) Amount (µCi or µg)

Ag < 1.2 < 1.2 < 116 (0.47) (0.46) (84)

Al 45900 45873 4533915 2065 2060 372430

Ba < 0.8 < 0.8 < 77 (0.05) (0.05) (9.2)

Ca < 20 < 20 < 1931 (4.2) (4.2) (757)

Cd (5.8) (5.8) (573) (0.09) (0.09) (16)

Co < 2 < 2 < 193 < 0.1 < 0.1 < 17

Cr 157 157 15508 19.0 18.9 3418

Cu (2.4) (2.4) (237) (0.13) (0.12) (23)

Fe (2.6) (2.6) (257) (0.35) (0.35) (63)

Hg Not Measured -- -- Not Measured -- --

K (260) (260) (25682) (13) (12) (2254)

La < 2 < 2 < 193 < 0.1 < 0.1 < 17

Mg < 8 < 8 < 772 (1.9) (1.8) (334)

Mn < 0.4 < 0.4 < 39 < 0.02 < 0.02 < 3.4

Mo (4.1) (4.1) (405) (0.28) (0.27) (50)

Na 153000 152909 15113049 13550 13519 2443793

Ni (7.9) (7.9) (780) (0.79) (0.79) (142)

P 814 814 80405 32.8 32.7 5916

Pb (25) (25) (2469) (1.2) (1.1) (207)

Si (72) (72) (7112) 65.3 65.2 11777

Th < 63 < 63 < 6223 < 3.1 < 3.1 < 559

Ti < 0.4 < 0.4 < 39 (0.027) (0.026) (4.8)

U 10.9 10.9 1073 3.42 3.41 617

Zn (0.6) (0.6) (55) (0.50) (0.50) (90)

Zr < 2 < 2 < 193 < 0.1 < 0.1 < 17

TOC 1300 1299 128412 215 215 38776

TIC 1200 1199 118534 275 274 49597

Cl- 360 360 35560 < 130 < 130 < 23446

F- (d) 5500 5497 543280 6600 6585 1190335

NO3
- 1700 1699 167923 400 399 72141

SO4
2- 500 500 49389 < 250 < 249 < 45088

PO4
3- 1000 999 98778 < 250 < 249 < 45088

CN- Not Measured -- -- Not Measured -- --

NH3 Not Measured -- -- Not Measured -- --
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Table 9.  Caustic Leaching of C-104 Sludge: Analysis of the Leaching Solution and the Composite 
Wash Solution (con�t)

Leach Solution C104-OH-3 Composite Wash Solution C104-OH-9

Analyte Direct Adjusted(b) Amount (µCi or µg) Direct Adjusted(c) Amount (µCi or µg)
137Cs 5.69E+00 5.69E+00 5.62E+02 1.49E+00 1.49E+00 2.69E+02
90Sr 7.03E-03 7.03E-03 6.94E-01 1.14E-03 1.14E-03 2.06E-01
99Tc 2.20E-03 2.20E-03 2.17E-01 7.78E-04 7.76E-04 1.40E-01
241Am(() < 7E-03 < 7E-03 < 7E-01 < 2E-03 < 2E-03 < 4E-01
241Am(") Not Measured -- -- Not Measured -- --
154Eu < 4E-04 < 4E-04 < 4E-02 < 2E-04 < 2E-04 < 4E-02
155Eu < 7E-03 < 7E-03 < 7E-01 < 2E-03 < 2E-03 < 4E-01
14C Not Measured -- -- Not Measured -- --
129I Not Measured -- -- Not Measured -- --
235U Not Measured -- -- Not Measured -- --
238U Not Measured -- -- Not Measured -- --
237Np Not Measured -- -- Not Measured -- --
238Pu Not Measured -- -- Not Measured -- --
239Pu Not Measured -- -- Not Measured -- --
240Pu Not Measured -- -- Not Measured -- --
239+240Pu Not Measured -- -- Not Measured -- --
243+244Cm Not Measured -- -- Not Measured -- --
242Cm Not Measured -- -- Not Measured -- --

Total Alpha 1.77E-04 1.77E-04 1.75E-02 1.03E-04 1.03E-04 1.86E-02

(a) Concentrations for radionuclides are in units of µCi/g; all other components are in units of µg/g. Values 
in parentheses are within 10 times the analytical detection limit.

(b) Value adjusted for the 0.06% loss in sample weight that occurred before analysis; this weight loss was 
assumed to be due to evaporation.

(c) Value adjusted for the 0.23% loss in sample weight that occurred before analysis; this weight loss was 
assumed to be due to evaporation.

(d) Quantified by IC system as fluoride, but slight retention time peak shift and peak shape suggest 
significant organic anion interference. It is highly probable that there is little or no fluoride actually 
present in the sample.
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Table 11.  Concentrations in the Leached and Untreated Solids and the Relative Amount of Each 
Component Removed by Caustic Leaching

Leached Solids(a) Original Sample(c)

Analyte

µg or 
µCi/g dry 

solids
Pseudo 95% C.I. 
(if %RSDs=10)(b)

µg or µCi/g 
sample

Pseudo 95% 
C.I. (if 

%RSDs=10)(b) Removed,%(d)

Pseudo 95% 
C.I. (if 

%RSDs=10)(c)

Ag 1790 ± 253r 339 ± 48r 1 ± 0.3r

Al 34250 ± 4849r 127892 ± 22539r 95 ± 24r

Ba 339 ± 48r 64 ± 9r 3 ± 0.7r

Ca 8131 ± 1158r 1549 ± 218r 4 ± 0.9r

Cd 1660 ± 235r 327 ± 44r 4 ± 1.1r

Co 63 ± 9r 12 ± 2r 30 ± 8r

Cr 1895 ± 268r 825 ± 93r 57 ± 11r

Cu 452 ± 64r 91 ± 12r 7 ± 1.6r

Fe 81350 ± 11517r 15322 ± 2168r 0 ± 0.0r

Hg 159 ± 22r 30 ± 4r -- --

K 2700 ± 382r 1200 ± 146r 58 ± 13r

La 265 ± 37r 50 ± 7r 9 ± 2.2r

Mg 2180 ± 308r 419 ± 58r 6 ± 1.3r

Mn 18775 ± 2658r 3534 ± 500r 0 ± 0.01r

Mo < 51 -- < 11 -- > 54 --

Na(d) 34850 ± 4929r 441136 ± 75795r 99 ± 24r

Ni 5550 ± 785r 1068 ± 148r 2 ± 0.5r

P 4690 ± 663r 3020 ± 418r 71 ± 16r

Pb 3043 ± 431r 639 ± 82r 10 ± 2r

Si 22400 ± 3168r 4684 ± 600r 10 ± 2r

Th 116500 ± 16476r 21931 ± 3102r 1 ± 0r

Ti 395 ± 56r 75 ± 11r 1 ± 0.3r

U 100100 ± 14156r 18885 ± 2665r 0 ± 0.05r

Zn 330 ± 47r 66 ± 9r 5 ± 1.1r

Zr 102500 ± 14496r 19295 ± 2729r 0 ± 0.01r

TOC 16950 ± 2397r 7329 ± 451r 56 ± 10r

TIC 6900 ± 972r 5461 ± 183r 76 ± 12r

Cl- 160 ± 23r 910 ± 211r 97 ± 26r

F- 2850 ± 403r 43448 ± 6478r 99 ± 21r

NO3
- 1250 ± 177r 6177 ± 905r 96 ± 20r

SO4
2- < 240 -- 2384 > x > 1223 -- > 51 --

PO4
3- < 240 -- 3606 > x > 2445 -- > 67 --

CN- 23 ± 3r 4 ± 1r -- --

NH3 < 9 -- < 2 -- -- --
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Table 11.  Concentrations in the Leached and Untreated Solids and the Relative Amount of Each 
Component Removed by Caustic Leaching (con�t)

Leached Solids(a) Original Sample(c)

Analyte

µg or 
µCi/g dry 

solids

Pseudo 95% 
C.I. (if 

%RSDs=10)(b)
µg or µCi/g 

sample

Pseudo 95% C.I. 
(if

%RSDs=10)(b) Removed,%(d)

Pseudo 95% 
C.I. (if 

%RSDs=10)(c)

137Cs 1.36E+02 ± 1.92E+01r 4.61E+01 ± 4.75E+00r 45 ± 8r
90Sr 2.82E+03 ± 3.99E+02r 5.31E+02 ± 7.51E+01r 0.004 ± 0.001r
99Tc 5.95E-02 ± 8.41E-03r 2.00E-02 ± 2.04E-03r 44 ± 8r
241Am(() 2.63E+01 ± 3.72E+00r 4.98E+00 ± 7.00E-01r < 0.5 ± 0.1r
241Am(") 2.60E+01 ± 3.67E+00r -- -- -- --
154Eu 6.64E+00 ± 9.38E-01r 1.25E+00 ± 1.77E-01r < 0.1 ± 0.03r
155Eu 4.21E+00 ± 5.95E-01r 8.19E-01 ± 1.12E-01r < 3 ± 1r
14C < 4E-03 -- < 8E-04 -- -- --
129I < 3E-04 -- < 6E-05 -- -- --
235U 1.50E-03 ± 2.12E-04r 2.82E-04 ± 3.99E-05r -- --
238U 3.26E-02 ± 4.60E-03r 6.13E-03 ± 8.67E-04r -- --
237Np 3.26E-02 ± 4.60E-03r 6.13E-03 ± 8.67E-04r -- --
238Pu 2.82E+00 ± 3.98E-01r 5.30E-01 ± 7.49E-02r -- --
239Pu 9.62E+00 ± 1.36E+00r 1.81E+00 ± 2.56E-01r -- --
240Pu 3.34E+00 ± 4.72E-01r 6.28E-01 ± 8.88E-02r -- --
239+240Pu 2.61E+01 ± 3.68E+00r 4.90E+00 ± 6.93E-01r -- --
243+244Cm 3.61E-01 ± 5.11E-02r 6.80E-02 ± 9.61E-03r -- --
242Cm 7.33E-02 ± 1.04E-02r 1.38E-02 ± 1.95E-03r -- --

Total Alpha 5.84E+01 ± 8.26E+00r 1.10E+01 ± 1.55E+00r 0.01 ± 0.002r

(a) The concentration in the leached solids was determined by summing the quantity found in the leached 
solids (Table 10) and dividing by the total weight (7.6051 g) of the leached solids (dry basis at 105°C).

(b) Pseudo 95% Confidence Intervals (C.I.) were approximated using propagation of error techniques for 
the case where the %RSD of all analytical measures used is 10% and all measures are independent  The
reader can review other potential %RSD values by multiplying the cell value by r, where r is %RSD/10.

(c) The concentration in the as-received sample was determined by summing the quantity found in the leach
and wash solutions (Table 9) and the leached solids (Table 10) and dividing by the total weight (40.4 g) 
of sample used. Exceptions to this are cyanide, ammonia, mercury, C-14, I-129, U-235, U-238, Np-237,
Pu-238, Pu-239, Pu-240, Pu-239+240, Cm-242, and Cm243+244. For these analytes only that found in 
the leached solids was included in the calculation (the wash solutions were not analyzed for these).

(d) The percent removed was determined by the following formula: %Removed= 100*Fw/(Fw+Fs); where Fw

is the fraction in the wash and leach solutions, and Fs is the fraction in the leached solids. 
(e) The values for Na are not corrected for Na added as NaOH during the leaching process.
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5.0 Conclusions and Recommendations

The solubility versus temperature test indicated that the concentrations of Ag and Cr 
increased with increasing temperature and the concentrations of Cd, Fe, and P decreased 
with increasing temperature. Data for many of the other analytes were scattered to the point 
that statistically meaningful conclusion could not be drawn. The considerable variability 
observed for many of the components might have been due to precipitation of these 
components. It is recommended that the solubility versus temperature test plan be revised 
for future tests. The revised test should allow for larger sample sizes, immediate acidification 
of analytical samples (where appropriate), and should describe actions to be taken to 
minimize sample evaporation during interim storage of samples.

Dilute hydroxide washing largely removed most of the Na salts from the C-104
sludge. Dilute hydroxide washing was largely ineffective at removing Al (2%), Cr, (15%), or 
P  (31%) from the C-104 sludge sample. Cesium-137 (64%) and 99Tc (43%) were appreciably 
removed by dilute hydroxide washing, whereas the transuranic elements (as represented by 
the total alpha data) showed little solubility in the washing solutions.

Caustic leaching resulted in significantly better Al removal, with a total of 95% being 
removed. Improved Cr (57%) and P (71%) removals were also achieved by caustic leaching. 
Interestingly, caustic leaching did not result in additional 137Cs or 99Tc removal. The leached 
solids had very high concentrations (~10 wt%) of Th, U, and Zr.

The solutions generated by washing the C-104 solids with 0.01 M NaOH were stable
over a period of ~5.5 months. However, the caustic leaching solution was not stable. A 
gel-like material had formed from the caustic leaching solution after ~20 days and 
considerable solids were present after 5.5 months. 
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Appendix D.  Statistical Analysis of the Data



Statistical analyses were performed on the data included in this report. In general, simple 
summary statistics were provided throughout that included estimates of the average (Mean), 
standard deviation (Std. Dev.) and percent relative standard deviation (%RSD = 100*Std. 
Dev./Mean) of aliquots. If one or both of the duplicate values were within 10 times the 
detection limit (values in parentheses in the tables) their mean and standard deviation are 
also marked in parentheses in the tables. By convention values less than the detection limit 
(�<�)  are formatted with 1 significant digit, values within 10 times the detection limit are 
formatted with 2 significant digits, and all other values are formatted with 3 significant digits.

More detailed statistical analyses included:

• Solubility versus Temperature Study Regression & Modeling Analyses

• Solubility versus Temperature Study Tests for Changes due to Temperature 

• Washing and Leaching Studies Estimates of Uncertainty for analyte
concentrations in the washed and original untreated solids and the percent 
removal

For all of the following analyses, it should be kept in mind that all data in each study 
are taken from one run of the experiment on a single sample. This means that the 
conclusions may be limited to this particular sample for this particular run. The data provide 
no information about the additional uncertainty that would result from running different 
samples or from repeating the experiment on similar samples. The only sources of variability 
present in these studies are sub-sampling variability and measurement variability. 
Consequently, the uncertainty statements developed in this report probably underestimate 
the variability that will be experienced in the real world application of these conclusions.

Solubility vs Temperature Study Regression & Modeling Analyses

The statistical analyses performed here are quantitative assessments of the nature of the 
relationship between analyte concentrations and temperature. These analyses were performed using 
the evaporation-adjusted concentrations from Tables 1, 2 and 3. The data were taken from the 
original Excel spreadsheet and may have additional digits compared to the formatted table values.
Only those analytes that had two or fewer of their reported values below the detection limit were 
used. These statistical analyses were performed using linear and non-linear regression procedures in 
the Statistical Analysis System (SAS Institute Inc. Cary, North Carolina). Two approaches were used: 
polynomial regressions that attempt to fit the data without a specified mechanistic model, and a 
psuedo-Arrhenius model.

Since there are only three temperature points (30, 40, and 50°C), the maximum 
polynomial regression model that can be fit as a function of temperature is a quadratic. The 
two concentration values per temperature provide for estimating sub-sampling and 
measurement uncertainty and for testing the lack-of-fit of the linear regression. The general 
approach taken was to first fit and test a linear regression, i.e., is a linear regression 
statistically better than no model. This was followed by a test of the lack-of-fit of the linear 
regression model, or equivalently in this case, whether adding the quadratic term would be 
useful in describing the solubility-temperature relationship. It should be noted that no model 



can fit this data better than a quadratic model, so if the quadratic model is not significantly 
better than the linear model, then no other model will be significantly better either.

Table D.1.  Linear and Quadratic Polynomial Regression Analyses

Table D.1 presents the results of the linear and quadratic polynomial regression 
analyses.  Included are the estimates of the intercept and slope for the linear regression. Also
included are the probabilities (p-values) for the test of the linear regression and for the test 
of the lack-of-fit of the linear regression. A significance level of 0.10 was used. Those 
analytes that have a significant linear regression have a simple linear p-value < 0.10. Those 
analytes that have a significant lack-of-fit from the linear regression have a lack-of-
fit/quadratic p-value < 0.10. Those analytes that did not have a significant linear regression 
or had a significant lack-of-fit are grayed-out in the table to indicate that their linear 
regression estimates are not considered useable.

The proposed psuedo-Arrhenius dissolution model has the following form:

Concentration = e B-A/Temperature

or the algebraically equivalent form

ln(Concentration)= B-A/Temperature.

Simple Quadratic/
Analyte Linear Lack-of-Fit
Ag -0.707 0.0298 0.001 0.188
Al 9.87 -0.115 0.468 0.107
Ba 3.07 -0.0621 0.154 0.373
Ca -8.82 1.01 0.225 0.983
Cd 4.16 -0.0496 0.002 0.382
Co 0.889 -0.000740 0.705 0.656
Cr 8.18 0.633 0.004 0.946
Cu 3.43 -0.0122 0.203 0.438
Fe 2.42 -0.0231 0.085 0.864
K 254 -0.292 0.687 0.471
Mg -6.42 0.481 0.143 0.842
Mo 3.79 -0.00893 0.419 0.297
Na 29,256 124 0.353 0.035
Ni 64.0 -0.323 0.108 0.742
P 768 -5.36 0.026 0.681
Si 23.8 8.09 0.123 0.855
Zn 6.77 -0.0848 0.318 0.236

Estimated
Increase per 

°C

P-value

Estimated
Intercept

The regression estimates are grayed-out (judged unusable) if: the estimated 
increase is not significantly different from zero (linear p-value > 0.1) or the 
lack-of-fit of the linear regression is significant (lack-of-fit p-value < 0.1).



Although these two forms are algebraically equivalent, the estimates of A and B can be 
different depending on which form is fit due to the least-squares criterion for fitting being 
applied in regular space (the first form) or log space (the second form). If there is not much 
variability in the data the estimates of A and B should be close by either form, if there is 
large variability in the data the estimates of A and B can be quite different between the two 
forms. Review of the data did not indicate any particular reason to use the second form, 
such as increasing variability with increasing concentrations, so the first form was used. This 
will also make the results more comparable to the polynomial regressions, which were done 
in regular space.

Table D.2.  Dissolution on Kinetics Model [Concentration = exp (B-A/Temperature)]

Table D.2 presents the results for the proposed psuedo-Arrhenius dissolution model. 
Included are estimates of the B and A parameters. Also included are 90% confidence
intervals on the temperature related A parameter. Those analytes whose confidence interval 
on A includes zero (i.e., those for which the lower value is negative and the upper value is 
positive) are grayed out in the table to indicate that their psuedo-Arrhenius dissolution
estimates are not considered useable.

Plots for all analytes assessed are included.  The following plotting symbols are used for 
the data:

• filled diamond�data that was ∃10-times the detection limit

Analyte Lower Upper

Ag 1.98 110 79.1 141
Al 0.317 -49.7 -130 30.6
Ba -7.17 -226 -687 236
Ca 4.74 50.4 -32.1 133
Cd -0.109 -33.4 -42.6 -24.2
Co -0.178 -1.02 -7.80 5.76
Cr 4.25 28.9 17.9 39.9
Cu 0.936 -5.44 -14.4 3.56
Fe -0.192 -22.5 -43.6 -1.49
K 5.46 -1.25 -10.1 7.61

Mg 4.08 60.8 -19.4 141
Mo 1.16 -3.03 -12.5 6.4
Na 10.6 6.49 -3.80 16.8
Ni 3.70 -8.87 -18.9 1.13
P 5.96 -13.6 -23.2 -3.96
Si 6.77 36.0 -5.37 77.3
Zn -0.0536 -47.2 -111 16.8

Estimated B Estimated A

Asymptotic 90% 
Confidence Interval

The kinetic model estimates are grayed-out (judged unusable) if: the 
asymptotic 90% confidence interval of the temperature related parameter A 
includes zero.



• empty diamond�data that was <10-times the detection limit

• descending triangle�detection limit

The plots also show the linear regression with a solid line, 90% confidence intervals on the 
mean with dashed lines, and the psuedo-Arrhenius dissolution model with a dotted line. 
Occasionally, a confidence interval is so wide it goes off the plot.

The aliquot variability is relatively large for some analytes and, along with small sample 
numbers, leads to �non-significant� regressions for some analytes that may appear to show a 
relationship. Five of the analytes in Table D.1 had linear p-values <0.1 and quadratic 
p-values >0.1 and produced useable linear regression equations. These same five analytes 
showed useable psuedo-Arrhenius dissolution models in Table D.2. Visual comparison of 
the linear regression model and psuedo-Arrhenius dissolution model indicated they would 
produce very similar results in most cases. This may be an indication that, even if the 
psuedo-Arrhenius dissolution model might be better over a larger range of temperatures, the
relationships can be closely approximated by a simple straight line over the 30 to 50°C range.

Solubility vs Temperature Study Tests for Changes Due to Temperature

Concentration changes in the Solubility versus Temperature study are expressed as 
the concentration change at each temperature relative to the concentration at 30°C. This is 
calculated as 100*(CT-C30)/C30, where CT is the average concentration at temperature = T (40 
or 50°C) and C30 is the average concentration at 30°C. Table 4 shows these estimates of the 
change in concentrations for detected analytes for the unadjusted data and Table 5 shows 
them for the adjusted data.

The following method was used to judge whether the reported changes were 
significantly different from zero or could instead simply be an artifact of sub-sampling and 
measurement uncertainty. There is very little data here to estimate the variability at any one 
temperature with any confidence so a pooled estimate of uncertainty was obtained by 
pooling the %RSDs at the three temperatures. This assumes the RSDs are relatively constant 
at each temperature. This result in turn was used as input to standard propagation-of-errors
calculations for the variance of the estimation formula 100*(CT/C30)-100. This results in an 
estimate of the standard deviation of the % Change as CT/C30*sqrt(2)*Pooled %RSD. This 
in turn, was used to generate the range of a two-sided 90% confidence interval using a t-table
value of 2.353 for 3 degrees of freedom. Any % Change that is larger than the range 
indicates the % Change is probably different from zero and is considered strong evidence of 
a change in concentration. These significant temperature-related changes are bold-faced in 
Tables 4 and 5.

Washing and Leaching Studies Estimates of Uncertainty for Analyte Concentrations 
in the Washed and Original Untreated Solids and the Percent Removed

The ability to derive estimates of uncertainty for the values reported in Tables 8 and 
11 was even more hampered than it was for the % Change estimates discussed in the 
previous section. The calculation of the concentrations in Washed or Leached Solids and the 



Original Sample were made using a number of sample weights and fraction constituent 
amounts. Only one of these inputs, namely the solids fraction, had duplicate aliquot data that 
could be used to estimate sub-sampling and measurement variability. The % Removed 
calculation in these two tables is even more problematic because of the use of even more 
terms and because it is the ratio of two other estimates. 

To get at least some handle on the uncertainty of these estimates the following approach 
was taken:

• Treat all weights used in the estimation formulas as constants (without error) under 
the assumption that their uncertainties are much smaller than the uncertainties in the 
concentration measurements and can be safely ignored.

• Assume that duplicate aliquots had a common variability.

• Present a �pseudo� 95% confidence interval for at least one value of a %RSD that is 
assumed to be equal for all measurements that were used in any equation. A %RSD 
of 10 was chosen as the initial candidate as it appeared to be near the median of 
%RSDs seen in this study and seems to represent a reasonable starting point. This 
selected estimate on the uncertainty can be adjusted to determine the effects of other 
%RSD values by multiplying the �pseudo� 95% confidence interval values by the 
ratio of any other practicable %RSD divided by 10.

As input to the �pseudo� 95% confidence intervals, it was necessary to again use 
propagation of errors techniques to develop approximate standard deviations. These 
standard deviations were then multiplied by 2 (close to 1.96 from a standard normal 
distribution) to give the �pseudo� confidence interval half widths. Note that the use of the 
standard normal distribution does not account for the minimal amount of data available for 
these estimates, and provides much smaller confidence intervals than those that would be 
obtained using a Student�s t distribution with only a few degrees of freedom.

For concentrations in Washed or Leached Solids and the Original Sample, the 
calculations are simple additions of fraction amounts divided by the sum of the 
corresponding fraction weights. The following propagation-of-error rules were used to 
develop propagation-of-errors formulas for their standard deviations:

• Variance of a mean is the variance of the measurement/n (the number of values 
used in the mean)

• The variance of a sum is the sum of the variances

• Constants (sample weights in this case) carry through.

This resulted in a general form for these two concentration estimates as:

Std.Dev. = sqrt (Σf(var(f)/nf))/weights,



where f= each fraction used in the calculation of the concentration. Each var(f) term in the 
propagation-of-errors formula can be replaced, by definition, with (meanf*%RSD)2. Since 
the same %RSD is assumed for all measurements, %RSD can be factored out, resulting in 
the following general formula:

Std.Dev. = %RSD*sqrt (Σf(meanf
2/nf))/weights

The actual version of this general formula used for each analyte for each concentration 
estimate depends on the fractions that were used to calculate it and the number of sub-
samples available for each fraction. Certain calculations used the same sample weights in the 
numerator and denominator. These were cancelled out and removed in the actual error 
propagation formulas.

For % Removal, the calculations involve 100 times the ratio of two terms, each of 
which is the sum of fraction amounts. The initial standard propagation-of-errors form of the 
Std.Dev. for this ratio of two terms is:

Std.Dev. = 100*num/den*sqrt(var(num)/num2 + var(den)/den2)

where num = the numerator term,  den= the denominator term, and var() is the variance of 
each.
Both the numerator and denominator also need to have propagation-of-errors applied to 
them.
Again, each var() term in their propagation-of-errors formula can be replaced, by definition, 
with (mean*%RSD)2. Since the same %RSD is assumed for all measurements, %RSD can 
again be factored out, resulting in the following general formula:

Std.Dev. = 100*Σfmeanf/Σdmeand*%RSD*
sqrt(Σf(meanf

2/nf)/(Σfmeanf)2 + Σd(meand
2/nd)/(Σdmeand)2)

where f = each fraction used in the numerator and d = each fraction used in the 
denominator. As for the concentration estimates discussed above, the actual version of this 
general formula used for each analyte depends on the fractions that were used to calculate 
the numerator and denominator and the number of sub-samples available for each fraction. 
Certain calculations use variances that have been calculated in prior steps, so these were put 
directly into the formulas instead of recalculating them.




















































































































































