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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 Hanford tank C-106 high-level waste 
(HLW) solids.  The objective of this work was to determine the composition of the C-106 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 various C-106 components 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.  The test went according to plan, with only minor deviations from the test plan.
The deviations from the test plan are discussed in the experimental section.

2.0 Personnel

The 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.

R.C. Lettau Hot cell technician. Performed test.

D.J. Bates Statistical analysis of data.

G.F. Piepel Statistical analysis of data.

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

B.M. Rapko Technical reviewer.

K.P. Brooks Task Leader.

3.0 Experimental

Sample Description.  The sample used in this test was labeled as C-106-B.  This material was a 
portion of the homogenized C-106 initial composite material prepared from twenty grab samples 
delivered to PNNL in June 1996.  Upon storing in the High-Level Radiochemical Facility (HLRF) 
for ~3 years, the material had dried and consisted of dried chunks.  A spatula was used to break up 
the larger chunks and mix the material.  A 60-g sub-sample was placed into a jar labeled as C-106-B1,
and this sub-sample was transferred to the Shielded Analytical Laboratory (SAL) for testing. 

Apparatus.  The apparatus used consisted of an aluminum heating block placed on a hot 
plate/stirrer.  The hot plate/stirrer 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 
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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)  In writing the test plan, it was assumed the HLW sludge material would exist as a wet 
solid.  Thus, the test plan called for mixing the slurry to homogenize; 0.1 M NaOH was to be added 
to assist in homogenization if necessary.  However, because the C-106 solids had dried, reasonable 
homogenization could be achieved by breaking up the chunky material and mixing with a spatula.
Weighed aliquots of the homogenized dry solids were then taken for the various tests: 1) solubility 
versus temperature, 2) determination of aqueous-insoluble fraction, and 3) determination of caustic-
insoluble fraction.

Solubility Versus Temperature.  A 10.1157-g aliquot was transferred from C-106-B1 to a 60-mL high 
density polyethylene (HDPE) bottle (this bottle also contained a Teflon®-coated magnetic stir bar).
Aqueous 0.1 M NaOH (~50 mL, 49.43 g) was added and the bottle was capped.  The sample was 
then heated and stirred at 30 ± 2°C for 19 h.  During this time, stirring was inconsistent and at one 
point had stopped.  A larger stir bar was added which lead to more consistent stirring.  The sample 
stirred at 30 ± 2°C for another 3 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 temperature was increased to 40 ± 2°C and the sample was stirred for 
18.5 h.  The mixture was sampled in the same manner as described above.  The temperature was 
increased to 50 ± 2°C and the sample was stirred for 24 h. Again, the mixture was sampled in the 
same manner as described above.  The filtered samples were subjected to the following analytical 
procedures: ion chromatography (IC) for anions, total organic carbon (TOC), total inorganic carbon 
(TIC), acid digestion, inductively-coupled plasma atomic emission spectroscopy (ICP/AES), 
inductively-coupled plasma mass spectrometry (ICP-MS) for 99Tc, 90Sr, total alpha, total uranium, and 
gamma energy analysis (GEA).

Determination of Aqueous-Insoluble Fraction.  A 23.4777-g aliquot was transferred from C-106-B1 to a 
125-mL high density polyethylene (HDPE) bottle (this bottle also contained a Teflon®-coated
magnetic stir bar).  The bottle was filled to capacity with aqueous 0.01 M NaOH (104.41 g added).
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 18 h.  The test plan 
indicated that the washing slurry should be cooled prior to filtration, but 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 102.76 g. 

Several ~10-mL aliquots of 0.01 M NaOH were used to transfer the filtered solids back into the 
HDPE bottle.  The total slurry volume was made to ~100 mL with additional 0.01 M NaOH (total 
slurry weight = 108.83 g).  The mixture was heated and stirred at 85 ± 2°C for 23 h.  The washing 
slurry was again filtered while hot, yielding 94.00 g of washing solution.  This process was repeated a 
third time.  For the final washing step, the slurry was heated at 85 ± 2°C for 27 h, and 125.92 g of 

(a) See Appendix A for a copy of the test plan and procedural notes.
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washing liquid was collected.  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 
demonized water.  Excess water was evaporated at 80°C, then the solids were dried overnight at 
105°C yielding 2.0286 g of dried washed solids.  However, a significant fraction of the washed solids 
could not be recovered in this manner because they were stuck to the magnetic stir bar (Figure 1).
These magnetic solids were treated differently.  The stir bar with the solids was placed in a glass jar 
and the gross weight was determined (99.8543 g).  Concentrated (12 M, 10 mL) HCl was added and 
the mixture was stirred.  After ~3.5 h, there was still a small amount of solid remaining.  Most of this 
solid dissolved upon gently heating for ~1 h.  However, dilution of this solution led to precipitation 
of solids that would not re-dissolve, even in HCl/HNO3.  After transferring to a beaker, excess acid 
was boiled off and the resulting dried solids were submitted for analysis.  The weight of the empty 
glass jar+stir bar was determined to be 99.7529 g, so the weight of the magnetic solids was deduced 
to be 0.1014 g.

Determination of Caustic-Insoluble Fraction.  A 24.7022-g aliquot was transferred from C-106-B1 to a 125-
mL high density polyethylene (HDPE) bottle (this bottle also contained a Teflon®-coated magnetic 
stir bar).  Aqueous NaOH (3 M, 108.08 g) was added.  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 20 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 104.07 g.  A sample of this leaching solution was taken for analysis.

Figure 1. Magnetic Solids on Stir Bar from Dilute-Hydroxide Washing Test
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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 = 114.88 g).  The mixture was heated and stirred at 85 ± 2°C for 23 h.  The washing slurry 
was again filtered while hot yielding 91.73 g of washing solution.  The washing process was repeated.
For the final washing step, the slurry was heated at 85 ± 2°C for 28 h, and 123.95 g of washing liquid 
was collected.  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 5.8149 g of dried leached solids.  The appearance of these solids was unusual.  A white solid 
had collected around the walls of the jar, while a brown solid remained in the bottom of the jar.
Before analyzing, the white solid was scraped from the wall of the jar and mixed with the brown solid 
using a spatula.

As with the washing test, a significant fraction of the leached solids could not be recovered by 
filtration because they were stuck to the magnetic stir bar.  These magnetic solids were dissolved in 
HCl/HNO3, then excess acid was boiled off and the resulting dried solids were submitted for 
analysis.  The weight of the magnetic solids was deduced to be 1.9464 g. Note that this latter value is 
much greater than what was obtained for the magnetic washed solids.  As the amount of magnetic 
solids left after dilute hydroxide washing visually appeared to be similar to that left after leaching, the 
value for the washed solids is suspect.

4.0 Results

4.1 Solubility Versus Temperature

Tables 1, 2, and 3 present the concentrations of various 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.(a)

Tables 4 and 5 show the changes in the concentrations at 40 and 50°C relative to those at 
30°C.  Because aliquot C106-SOL-50-1 appeared to have leaked, only the concentration values 
obtained for aliquot C106-SOL-50-2 were used to determine the adjusted concentration changes at 
50°C relative to 30°C. Appendix D discusses a graphical analysis of the data, as well as linear 
regression results of fitting 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 discussion is organized according to the following 
types of components: 1) radionuclides, 2) bulk metals and carbon, and 3) anions.

(a) In the case of aliquot C106-SOL-50-1, there was solid encrusted on the outside of 
the vial suggesting that material actually leaked from the sample vial, which probably 
contributed more to the weight loss than did evaporation.
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Radionuclides.  The data indicate that the 137Cs concentration increased with temperature.  Based on 
the adjusted concentration values, the 137Cs concentration increased 16% when the temperature was 
increased from 30 to 40°C.  A 30% increase in the 137Cs concentration occurred in going from 30 to 
50°C. Linear regressions of the adjusted 137Cs concentrations versus temperature had a statistically 
significant positive slope (see Appendix D).  However comparison of the percent change in the 
concentration to the standard deviation in the percent change suggests the increase is not statistically 
significant at the 90% confidence level (Table 5).  Results for the other radionuclides were not 
statistically meaningful.

Bulk Metals and Carbon.  Only linear regressions of the adjusted Cr, Cu, Ni, P, Si, and U 
concentrations versus temperature had statistically significant positive slopes (see Appendix D).  The 
analysis presented in Table 5 indicates the increase in the U concentration is not statistically 
significant at the 90% confidence level.  The considerable variability observed for many of the other 
components might have been due to precipitation of these components.  Visual inspection of the 
analytical samples immediately prior to processing indicated the presence of precipitates.  Chromium, 
Cu, and Ni all showed substantial increases, with concentrations more than doubling in going from 
30 to 50°C. Phosphorus and Si displayed more modest concentration increases.  The increases for Si 
should be viewed as qualitative because the analytical process blank contained a relatively high Si 
content.

Linear regressions of the total organic carbon (TOC) and total inorganic carbon (TIC) 
concentrations versus temperature showed no statistically significant trends (Appendix D).  Thus, no 
conclusive trend was seen in these data. 

Anions.  In all cases, F-, NO3-, SO42-, and PO43- were below the analytical detection limit.  Linear 
regressions of the adjusted Cl- and C2O42- concentrations versus temperature had statistically 
significant positive slopes (see Appendix D).  Based on the adjusted concentration values, the Cl-
concentration increased 14% when the temperature was increased from 30 to 40°C and a 20% 
increase in the Cl- concentration occurred in going from 30 to 50°C. Similarly, the C2O42-

concentration increased 16% when the temperature was increased from 30 to 40°C, and 27% in 
going from 30 to 50°C.

4.2 Dilute Hydroxide Washing

Table 6 presents the concentration of the analyzed C-106 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 used 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 6.3% 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 washing solutions (322.68 g) to yield the quantity of each 
component present in the wash solutions. 

Table 7 presents the results of the analysis of the non-magnetic fraction of the dilute hydroxide-
washed C-106 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).  In most cases the relative error is less than 20% for the elements determined 
by ICP/AES, indicating good agreement between the duplicate measurements.  For those ICP/AES 
analytes where the relative error was significantly greater than 20%, the concentrations of these 
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analytes were typically low or near the detection limit.  Closer inspection of the P data indicates 
differences between the KOH and Na2O2 fusion methods.  Analysis of the solutions obtained by the 
KOH fusion indicated higher P concentrations than obtained by the Na2O2 fusion.  This suggests the 
Na2O2 fusion failed to completely dissolve the P contained in the non-magnetic washed solids.
Indeed, for most analytes examined, the Na2O2 fusion method resulted in concentration values less 
than those obtained by the KOH method.  For this reason, only the values obtained from the KOH 
fusion were used to determine the quantity of each component in the washed solids.  The exceptions 
to this were K and Ni, which were only available from the Na2O2 fusion.

The Hg concentration was determined on the non-magnetic washed solids by cold vapor atomic 
absorption spectrophotometry following an oxidative acidic leaching of the solids.  The mean Hg 
concentration was 351 µg/g and good agreement was achieved between duplicates.

TIC/TOC determination on the non-magnetic washed solids was performed using the hot persulfate 
method.  This analysis was performed directly on the washed solids (not on fused material).  Very 
good reproducibility 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-, SO42-, PO43-, and C2O42-) 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.  The results indicate significant additional soluble Cl-, NO3-, and C2O42-

remained in the washed solids (or was present in interstitial liquid prior to drying), although 
reproducibility between duplicate measurements was poor.  The IC results for �C106-AQ-8DUP�
were approximately a factor of two lower than those for �C106-AQ-8.� Review of the sample 
preparation bench sheets revealed no obvious cause for this discrepancy. The C2O42- concentration 
of 20,300 µg/g (the value obtained for C106-AQ-8) corresponds to 5,540 µg/g organic carbon. Thus, 
~19% of the TOC in the non-magnetic fraction of the washed solids is attributable to oxalate. The 
low PO43- concentration revealed by IC suggests that P found by ICP is indeed due to some water-
insoluble P-containing phase(s).

Cyanide analysis on the non-magnetic fraction of the washed solids revealed very little CN- to be 
present. Reproducibility between duplicate CN- analyses was poor. This might have been due to 
sample inhomogeneity. Ammonia was determined by ion-selective electrode using water-slurries of 
the solids. Very little (~4 µg/g) NH3 was indicated; however the value should be treated with caution 
since the solids were dried at 105°C prior to analysis, which would likely have volatilized any NH3

present.

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. The total alpha values reported were obtained by summing the alpha activity indicated by 
the activities of the various alpha-emitters indicated in the alpha spectrum.  Direct-mount
determination of the total alpha activity was not reliable due to self-attenuation.  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. 

With the exception of 242Cm, agreement between duplicate measurements was good.  The values 
obtained for 241Am by gamma and alpha spectroscopies agreed within 20%.  On the other hand, 
there were inconsistencies between the ICP-MS results and the alpha spectroscopic results.  The 
combined activities for 239Pu and 240Pu as determined by ICP-MS were 3.81 µCi/g, yet the 239+240Pu
value obtained by alpha spectroscopy was 27% lower (2.78 µCi/g).  To be conservative, the higher 
value should probably be used.  There was also inconsistency regarding the U analysis.  The ICP-MS
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analysis revealed ~275 µg/g (235U + 238U), but only 176 µg total U was indicated by laser fluorimetry
analysis.

Table 8 presents the results of the analysis of the magnetic fraction of the dilute hydroxide-washed
C-106 solids.  TIC/TOC, IC, CN-, and NH3 analyses were not performed on this material as the acid 
dissolution conducted upon the magnetic solids would have influenced the results of these analyses.
As expected, the magnetic solids were very rich in Fe (~50 wt%).  The values for Ag, Ca, P, and Si 
had relatively high relative errors (> 20%) between the KOH and Na2O2 fusions.  The reason for the 
relatively high error for Ag is most probably the use of HCl in the solubilization of the fusion fluxes.
The process blank had a high value for Ca, so the Ca value is suspect.  Phosphorus was near the 
analytical detection limit, so high uncertainties are expected for this element.  The error in Si is 
possibly due to incomplete dissolution of this element in the Na2O2 fusion preparation.  Similar to 
the analysis of the nonmagnetic fraction, for most analytes examined, the Na2O2 fusion method 
resulted in concentration values less than those obtained by the KOH method.  For this reason, only 
the values obtained from the KOH fusion were used to determine the quantity of each component in 
the washed solids.

Table 9 presents the composition of the dilute hydroxide-washed C-106 solids (magnetic plus non-
magnetic fractions) and the percent of each component removed by dilute hydroxide washing.  In 
addition, the composition of the �untreated� C-106 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), the non-magnetic washed solids (Table 7), and magnetic washed solids (Table 8), then 
dividing this total by the weight of the C-106 sample used.  The washed solids were dominated by Fe 
(28.6 wt%), Si (10.5 wt%), Al (6.2 wt%), Na (5.4 wt%) and Ca (1.5 wt%).  The concentrations of the 
major radionuclides contained in the washed solids were 5.7 µCi TRU/g (as indicated by the total 
alpha concentration), 2.6 µCi 241Am/g, 3.0 µCi 239Pu/g, 908 µCi 90Sr/g, and 377 µCi 137Cs/g,
indicating the solids should be treated as HLW.

Upon standing for six days, a white precipitate formed in the first wash solution.  This solid material 
was collected by filtration so that it could be analyzed.  The mass of this solid was 0.765 g after air-
drying at ambient temperature.  The solid was readily soluble in water.  ICP/AES analysis indicated 
this material to be 22.3 wt% Na.  No other metals were detected above trace levels.  IC analysis 
indicated the solid was 49.5 wt% C2O42-.  Thus, it can be concluded that this material is 
predominantly Na2C2O4•2H2O (Theoretical: 27.0 wt% Na, 51.8 wt% C2O4).

4.3 Caustic Leaching

Table 10 presents the concentration of the analyzed C-106 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 used 
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 34.6% and that of the composite wash solution sample had decrease 6.3% 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 (104.07 g) or the combined weight of the two wash solutions 
(215.68 g) to yield the quantity of each component present in the leach and the wash solutions, 
respectively.

Table 11 presents the results of the analysis of the non-magnetic fraction of the caustic leached C-
106 solids.  Analysis of these solids was conducted in the same way as for the dilute hydroxide-
washed solids.  In most cases the relative error is less than 20% for the elements determined by 
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ICP/AES, indicating good agreement between duplicate measurements.  In some cases (Cu and P 
from the Na2O2 fusions) where the relative error was significantly greater than 20%, the 
concentrations were near the detection limit.  However, this is not the case for some of the other 
analytes with high relative errors.  For example, Ag had a 55% relative error (Na2O2 fusion).  In this 
case, the value of 1,460 µg/g obtained for one of the Na2O2 fusion duplicates seems 
disproportionately high.  (Again, this is likely due to use of HCl in the solubilization procedure.)
There are also significant differences in the duplicate Zr analyses.  The reasons for these 
discrepancies are not clear.  The Si values are also inconsistent.  In this case, the values obtained by 
the KOH fusion method appear to be ~2 times higher than those obtained by the Na2O2 fusion
method.  Perhaps not all the Si was solubilized by the Na2O2 fusion.  As was done with the dilute 
hydroxide washed solids, only the values from the KOH fusion were used to determine the amount 
of each component in the leached solids.

The IC results indicate significant additional soluble C2O42- remained in the washed solids (or 
interstitial liquid prior to drying).  This reflects dependence of sodium oxalate solubility on the Na 
concentration.  The C2O42- concentration of 394,500 µg/g corresponds to 148,000 µg/g organic 
carbon.  Thus, virtually all the TOC in the non-magnetic fraction of the leached solids is attributable 
to oxalate. 

Cyanide analysis on the non-magnetic fraction of the leached solids revealed very little CN- to be 
present.  Ammonia was determined by ion-selective electrode using water-slurries of the solids.  Very 
little (~10 µg/g) NH3 was indicated; however the value should be treated with caution since the 
solids were dried at 105°C prior to analysis.

The relative errors for many of the radionuclides (155Eu, 14C, 129I, Pu isotopes, and Cm isotopes) were 
greater than 20%, indicating poor reproducibility between duplicates.  The values obtained for 241Am
by gamma and alpha spectroscopies agreed within 20%.  Again, the combined activities for 239Pu and 
240Pu as determined by ICP-MS were significantly higher than the 239+240Pu value obtained by alpha 
spectroscopy.  To be conservative, the higher value should probably be used.  Also like the washed 
solids, the U values obtained by ICP-MS [~285 µg/g (235U + 238U)], disagreed with the value of 176 
µg total U indicated by laser fluorimetry analysis.

Table 12 presents the results of the analysis of the magnetic fraction of the caustic-leached C-106
solids.  TIC/TOC, IC, CN-, and NH3 analyses were not performed on this material as the acid 
dissolution conducted upon the magnetic solids would have influenced the results of these analyses.
As expected, the magnetic solids were very rich in Fe (~44 wt%).  There was more residual Na 
present in these solids than in magnetic solids from the dilute hydroxide wash (compare Tables 8 and 
12), which attributed to the slightly less Fe weight percent.  However, the nature of the magnetic 
solid obtained from the caustic leaching test is undoubtedly the same as that obtained from the dilute 
hydroxide washing test (except that the Na salts were not washed out to the same extent).

Table 13 presents the composition of the caustic-leached C-106 solids (magnetic plus non-magnetic
fractions) and the percent of each component removed by caustic leaching.  In addition, the 
composition of the �untreated� C-106 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 10), 
the non-magnetic leached solids (Table 11), and magnetic leached solids (Table 12), then dividing this 
total by the weight of the C-106 sample used.  The leached solids were dominated by Fe (17.2 wt%), 
Si (7.8 wt%), Na (13.6 wt%), Al (2.6 wt%) and Ca (1.0 wt%).  The higher relative Na content in the 
leached solids (compared to the dilute hydroxide-washed solids) is largely attributable to the sodium 
oxalate in the leached solids.  The concentrations of the major radionuclides contained in the washed 
solids were 1.7 µCi TRU/g (as indicated by the total alpha concentration), 0.8 µCi 241Am/g, 1.0 µCi 
239Pu/g, 260 µCi 90Sr/g, and 90 µCi 137Cs/g, indicating the solids should be treated as HLW.



9

It should be noted that the composition for the original C-106 solid listed in Table 9 should agree 
with that listed in Table 13.  However, the compositions vary widely.  This suggests sample 
inhomogeneity.  That is, the aliquot taken for dilute hydroxide washing was different from that taken 
for caustic leaching. 

4.4 Comparison to Previous Work

Table 14 presents a comparison of the current work to previous studies of C-106 sludge.  To 
facilitate comparisons between the various data sets, the concentrations have been normalized to the 
Fe concentration.  This treatment of the data assumes that no Fe is removed by washing or leaching; 
this assumption is validated by the low Fe concentrations in the washing and leaching solutions.
Clearly, there are differences in the composition of the dilute hydroxide-washed solid determined in 
1996 compared to the current work.  This could be due to differences in the sample aliquots used or 
the different conditions used in the earlier test.  Alternatively, the difference might be due to some of 
the Fe being �missed� in the earlier test.  In the test conducted in 1996, a magnetic stir bar was used 
to agitate the washing slurries.  Presumably, that sample aliquot contained magnetic Fe like the 
sample used in the current work.  As no attempt was made to recover the magnetic Fe in the 
previous work, that fraction of the Fe would have been missed in the analysis of the solids.  This 
would lead to the concentrations relative to Fe that are higher than those found in the current work.
Indeed, the relative concentrations reported in 1996 are consistently higher than those found in the 
current work.  Furthermore, they are generally high by a factor of ~2.  For example, the relative Al 
concentration from 1996 (491,747 µg/g Fe) is about 2.3 times that found in this work (214,892 µg/g 
Fe).  Similarly, the Cr concentration (7,399 µg/g Fe) from 1996 is 1.9 times that found in this work 
(3,894 µg/g).  However, some of the other analytes (e.g., Ca and Si) differ by factors other than 2.

Similar trends are seen for the caustic-leached solids.  That is, the concentrations relative to Fe tend 
to be less in the current work compared to the work conducted by Lumetta et al. in 1996.  However, 
the concentrations relative to Fe in the current work also tend to be less than those found in the 
bench-scale caustic leaching test conducted by Brooks et al. (1997).  In the latter test, no magnetic 
stir bars were used.  So, at least in this case, the differences must be due to differences in the 
composition of the starting sample or to differences in the specific leaching conditions used in the 
two tests.

5.0 Conclusions and Recommendations

The solubility versus temperature test indicated that the concentrations of 137Cs, Cr, Cu, Ni, P, Si, Cl-
and C2O42- increased with temperature.  Data for many of the other analytes were scattered to the
point that statistically meaningful conclusions could not be drawn.  The considerable variability 
observed for many of the components might have been due to precipitation of these components.
Also, the apparent evaporation of the samples during storage might have also contributed to the 
experimental uncertainty.  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.

Dilute hydroxide washing largely removed the Na salts from the C-106 sludge.  Only 14% of the Al, 
8% of the Cr, and 36% of the P were removed by dilute hydroxide washing.  Surprisingly, 86% of the 
U was removed in the dilute hydroxide washing process.  Cesium-137 (56%) and 99Tc (76%) 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.
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Caustic leaching resulted in only modest increases in Al (22%), Cr (27%), P (41%), and 137Cs (68%) 
removal.  The amount of 99Tc removed appeared to drop slightly, but the changes observed are 
within the experimental uncertainty.  The caustic-leached solids contained considerable sodium 
oxalate.  More extensive washing of the caustic-leached solids would be required to remove this.  For 
future tests, it is recommended that the caustic leaching test plan be revised to include more 
extensive washing of the leached solids.

Considerable uncertainty was introduced in the washing and leaching tests by using a magnetic stir 
bar.  A large fraction of the solids was magnetic in nature and adhered to the stir bar.  It is 
recommended that future tests with C-106 sludge avoid the use of magnetic stir bars.  In addition, 
future washing and leaching tests should allow for acidification of analytical samples (where 
appropriate) to prevent precipitation, and should describe actions to be taken to minimize sample 
evaporation during interim storage.  Sampling of dry solids should not be done in the future because 
this apparently can result in significant sample inhomogeneity.  Rather, dry sludge samples should be 
slurried in dilute hydroxide or water prior to pulling samples for testing.
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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 averages (means), standard deviations 
(std. dev.) and percent relative standard deviations (%RSD = 100*std. dev./mean).  More specific 
statistical analyses included:

• Solubility versus Temperature Study Regression 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 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 they provide no sense of 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 
subsampling variability and measurement variability.  Consequently, the uncertainty statements 
developed in this report are likely an underestimate of the variability that will be experienced in the 
real world application of these conclusions.

Solubility Versus Temperature Study Regression Analyses

The regression analyses performed here are a quantitative assessment of the nature of the 
relationship between analyte concentrations and temperature.  Since there are only three temperature 
points (30, 40, and 50°C), the maximum model that can be fit as a function of temperature is a 
quadratic.  The two concentration values per temperature provide for estimating subsampling 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.

The following analyses were done using the evaporation-adjusted concentrations from Tables 1, 2 
and 3 with the exception that the C106-SOL-50-1 data were not used because of suspected sample 
leakage that would render its results unrepresentative.  The data were taken from the original Excel® 
spreadsheet and have additional digits compared to the formatted table values.  These analyses were 
done using the Statistical Analysis System (SAS Institute Inc. Cary, NC).

Table D.1 presents the results of the 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 will have a simple linear 
p-value < 0.10.  Those analytes that have a significant lack-of-fit from the linear regression will 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.



Plots for all analytes in Table D.1 are included.  The following plotting symbols are used for the data:

• filled diamond�data that was ∃10-times the detection limit
• 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 quadratic regression with a dotted line.  Occasionally a confidence interval 
is so wide it goes off the plot.

The aliquot variability is surprising for some analytes and, along with small sample numbers, leads to 
�non-significant� tests for some analytes that appear to show a relationship.  Nine of the analytes 
showed linear p-values <0.1 and quadratic p-values >0.1.  Three of these had all of their data 
reported as �()�, but none had DL data included.

Simple Lack-of-Fit
Analyte Linear /Quadratic

Cesium-137 2.14 0.0583 0.055 0.888
Strontium-90 0.0277 0.00160 0.390 0.363

Technetium-99 0.00149 -0.00000174 0.925 0.976
Total Alpha -0.000810 0.0000750 0.130 0.665

Ag -0.429 0.0554 0.163 0.858
Al 376 -5.79 0.465 0.711
Ba 0.131 0.00298 0.117 0.284
Ca 1.99 0.0517 0.239 0.175
Cr -2.75 0.138 0.002 0.739
Cu -0.601 0.0419 0.024 0.317
Fe 0.509 0.0158 0.855 0.284

Mo 0.265 0.0121 0.122 0.370
Na 7,090 235 0.106 0.455
Ni -1.48 0.0815 0.013 0.220
P 11.1 0.794 0.052 0.274

Si 3.82 0.648 0.052 0.188
Ti 0.0540 0.00219 0.172 0.305
U 13.8 0.254 0.082 0.672

TOC 5,018 26.3 0.278 0.612
TIC 1,232 9.57 0.316 0.815

Cl- 247 3.82 0.047 0.560

C2O4
2-

10,913 258 0.014 0.672

p-valueEstimated
Increase per 

°C
Estimated
Intercept

Table D.1.  C-106 Solubility Versus Temperature
Data Regression Analysis

Radionuclides are in units of µCi/g; all other components are in units of µg/g. 
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).



Solubility Versus 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 or equivalently as 100*(CT/C30)-100, where CT is the average concentration at 
temperature = T and C30 is the average concentration at 30°C.  Table 4 shows these estimates of the 
change in concentrations (solubility) for detected analytes for all the unadjusted data and Table 5 
shows them for the adjusted data without C106-SOL-50-1 (for reasons given previously).

The following method was used to indicate whether the reported changes were significantly different 
from 0 or could instead simply be an artifact of subsampling and measurement uncertainty, especially 
with so few data points.  There is insufficient data 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 (or only two temperatures for the evaporation adjusted data with the one sample 
removed).  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.  The estimate of the percent change at each temperature was then 
divided by the standard deviation estimate at that temperature.  This ratio was compared to a 
one-sided 90% t-statistic and any ratio that was larger than the appropriate t-statistic is considered 
strong evidence of a positive change in solubility.  These significant changes are bold-faced in Tables 
4 and 5.  For the unadjusted data there were 3 degrees of freedom in the estimate of variability and 
the t-statistic value was 1.64.  For the adjusted data there were only 2 degrees of freedom in the 
estimate of variability and the t-statistic value was 1.89.

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

The ability to derive estimates of uncertainty for the values reported in Tables 9 and 13 was even 
more hampered than the percent change estimates discussed in the previous section.  The calculation 
of the concentrations in Washed Solids and Original Sample were made using a number of sample 
weights and fraction constituent amounts.  Only one of these inputs, namely the non-magnetic
fraction of the washed solids, had duplicate data that could be used to estimate subsampling and 
measurement variability.  The percent 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. 

In an attempt 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.

• 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 somewhat lower than the median of 
%RSDs seen in this study and seems to represent a reasonable lower bound.  This 
reasonable lower bound 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 confidence interval 
half widths.

For concentrations in Washed Solids and 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.  Also, 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(meanf2/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 subsamples available for 
each fraction.

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.  Also, 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(meanf2/nf)/(Σfmeanf)2 + Σd(meand2/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 subsamples available for each fraction.
























































































































































































































