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Summary

The River Protection Project-Waste Treatment Plant baseline for pretreating Envelope C low-activity
waste (LAW) at Hanford includes a precipitation step for removing radioactive strontium (Sr-90) and
transuranic (TRU) isotopes before the waste is vitrified. The current design basis for the Sr/TRU removal
process is the addition of strontium nitrate (0.075M) for isotopic dilution and permanganate (0.05M) for
TRU removal at 1M additional sodium hydroxide.  Section 5 of the Research and Technology Plan (BNI
2002) identifies further research needs, which are illustrated in Figure 5-14, Precipitation Test Matrix.
One need shown in this matrix is optimization of the Sr/TRU precipitation reaction conditions [SOW
Ref.:  Sec. C.6 Std.2 (a)(3)(ii)(B) and WBS No.: 1.2.10.03 and .05]. The optimization of the Sr/TRU
precipitation process is also addressed in Scoping Statement B-35, which is included in Appendix C of
the Research and Technology Plan.  In this context “optimization” refers to conditions that promote
adequate decontamination to meet LAW requirements with a minimum of added reagents.

This report summarizes testing performed in accordance with Scoping Statement B-35 and Test
Specification TSP-W375-00-00033. The purpose of this testing was to determine the effects of
temperature and low levels of reagent on Tank AN-102 waste liquids and to identify the conditions for
later integrated process testing with a mixture of Tank AN-102 waste and high-level waste (HLW)
pretreatment streams (filtrate, wash, and leach solution from HLW pretreatment of Tank C-104 wastes).
These conditions include determining the minimum amount of strontium and permanganate needed for
decontaminating the liquid waste to meet LAW requirements for vitrification.  The success criteria
include demonstrating that the treated waste meets Specification 2 of the Bechtel National, Inc. contract
(BNI 2001) for removing Sr-90 and TRU elements from the LAW solution; i.e., 20 Ci/m3 for Sr-90 and
100 nCi/g for TRU. Target decontamination levels were established at 50% below the LAW
requirements, which corresponds to a Sr-90 decontamination factor (DF) of 10 and a TRU DF of 2 for
AN-102 waste. The decontamination factor is defined as the amount of the contaminant in the waste
before treatment divided by the amount present after treatment.

For the experiments, a sample of Tank AN-102 supernatant was decanted from a sample bottle of waste
received from Hanford’s 222-S Laboratory. The supernatant was diluted to 5M sodium for testing. Test
conditions were varied over limited ranges, sufficient to complete statistical analysis of the sensitivity of
the dependent variable of interest (decontamination factor) as a function of the independent variables.  A
total of eight experiments were conducted in the Radiological Processing Laboratory hot cells in the
Hanford 300 Area:  five at ambient hot cell temperature (~26 C) and three at 50 C.  The nonradioactive
strontium addition ranged from zero to 0.02M. The permanganate addition ranged from zero to 0.02M.
The total hydroxide content ranged from the as-received (after dilution) molarity of 0.14M to 0.5M. The
samples were digested for 4 hours following reagent addition.

Decontamination factors were determined by comparing the Sr-90 and Am-241 (greater than 90% of the
TRU content in the AN-102 sample is from Am-241) concentrations in the filtered, treated supernatant
with the concentration of these isotopes in the starting diluted waste. The DFs for precipitation of Sr-90
varied between 5 and 7 at 26 C.  At the elevated temperature (50 C), DFs ranged from 15 to 30. The DFs
for Am-241 were relatively independent of temperature and ranged between 5 and 6 with permanganate
addition.  Without permanganate addition, no TRU removal occurred. The addition of free hydroxide
resulted in a decrease in DF for Sr-90 and had little impact on the DF for Am-241.
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The test results indicate that addition of strontium nitrate to a molarity of 0.02M is sufficient to exceed the
LAW contract requirement for Sr-90.  If further reduction of Sr-90 is desired, additional strontium nitrate
should be added.  Addition of permanganate to a molarity of 0.02M is sufficient to exceed the LAW
contract requirement for TRU.  Addition of hydroxide beyond that contained within the original sample is
not recommended, as the tests showed it reduced the Sr-90 DF. These levels of reagent addition are
significantly less than the project baseline.  Higher-temperature precipitation is not recommended,
because it would require the crossflow filtration system to be run at the same elevated temperature.
Conducting the filtration at elevated temperature increases the risk of downstream post-filtration
precipitation.

The reduced reagent loading, if incorporated into the project baseline, will result in cost savings related to
procurement of reagents. Reduced reagent addition will also decrease solids loading on the filtration
system, and may reduce the filter size.  Reduced reagent loading will decrease the quantity of solids from
Sr/TRU precipitation that must be incorporated into the immobilized high-level waste.  Finally,
eliminating the addition of sodium hydroxide will allow higher waste loading in the immobilized low-
activity waste (ILAW), reducing the total volume of ILAW produced.
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1.0 Introduction

This report summarizes work performed in support of the River Protection Project-Waste Treatment Plant
(RPP-WTP) at Hanford.  Before the liquid (supernatant) fraction of Envelope C wastes (Tank AN-107
and Tank AN-102 waste) can be disposed of as low-activity waste glass, pretreatment is required to
remove radioactive strontium (Sr-90) and transuranic (TRU) elements in addition to Cs-137 and Tc-99.
Because of the high concentration of organic complexants in this waste, conventional separation
processes (e.g., ion exchange) are not effective for Sr-90 or TRU removal.  Under earlier work for the
RPP-WTP contractor, Battelle—Pacific Northwest Division (PNWD) and Savannah River Technology
Center (SRTC) conducted technology development and demonstration of the Sr-90 and TRU (Sr/TRU)
removal process with waste samples from Envelope C tanks (Hallen et al. 2000a,b; Nash et al. 2000a,b).
The baseline Sr/TRU process was identified as addition of nonradioactive strontium for precipitation/
isotopic dilution and addition of permanganate for precipitation of TRU elements.

The Sr/TRU removal process was based on earlier work at the Pacific Northwest National Laboratory by
Orth et al. (1995), who examined the removal of Sr-90 and TRU from complexant-containing (citrate,
glycolate, EDTA, HEDTA, and NTA) tank waste by the addition of metal cations and chemical oxidant.
Permanganate was examined as a chemical oxidant to promote destruction/defunctionalization of the
complexing agents and, possibly, promote flocculation by the manganese solids.  Permanganate was
found to oxidize chromium first; then organic carbon; and last, nitrite.  A sample of 3:1 diluted waste
from Tank SY-101 was treated with 0.15M permanganate, and decontamination factors (DFs)(a) of >143 
were obtained for Sr and 28.5 for Pu.  Orth et al. recommended permanganate doses of 0.1M for treating
complexant-containing wastes.  For wastes such as in Tank SY-101, the chromium in the sludge
consumes as much as half the permanganate.  Waste in Tanks AN-102 and AN-107 do not have the high
chromium values in the sludge, so permanganate was expected to be effective at lower concentrations.

The objective of the work reported here was to determine the optimal conditions and minimal reagent
addition that would provide adequate Sr/TRU decontamination of Tank AN-102 waste. SRTC conducted
Sr/TRU removal tests with samples of AN-102 waste at relatively high concentrations of added
hydroxide, strontium, and permanganate (Rosencrance et al. 1999; Nash et al. 2000a,b). The larger-scale
SRTC tests (Nash et al. 2000b) were also conducted at 50 C, whereas PNWD had shown that ambient
temperature was adequate for Sr/TRU removal from Tank AN-107 waste (Hallen et al. 2000a). The
AN-102 waste samples used in the SRTC tests were inadvertently contaminated with Cm-244 and,
possibly, Am-241 and Pu isotopes. This contamination may have accounted for the higher reagent
concentration needed to decontaminate the SRTC waste samples.

The optimization experiments discussed in this report were performed in radioactive hot cells using
approximately 20-mL samples of waste with various amounts of strontium, permanganate, and/or
hydroxide.  Experiments were conducted with 4-hour solids digest time at ambient temperature and 50 C.
Supernatant decontamination data were obtained from the test data. The Sr-90 and TRU DFs were
compared to determine the efficiency of the Sr/TRU removal process. Preferred conditions were
identified for future testing.

(a) The decontamination factor is defined as the amount of the contaminant in the waste before treatment divided by
the amount present after treatment.
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The results from a series of small-scale Sr/TRU decontamination tests are described.  Test conditions and
experimental procedures are described in Section 2.0. Experimental results from the tests are described in
Section 3.0. The major conclusions and recommendations from this work are given in Section 4.0. The
appendices contain the test instructions, data sheets, logbook entries, analytical data, calculations, and
staff roles/responsibilities.
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2.0 Test Conditions and Experimental Procedures

This section describes the conditions used for the optimization tests and the procedures used for the
experiments and analyses.

2.1 Description of AN-102 Waste Samples
PNWD received 27 bottles of tank waste from Hanford’s 222-S Laboratory that were taken by grab
sampling of AN-102 from riser 022 over the period August 7 through 11, 2000.  Eight of the samples
were designated for process testing. This material was originally collected from the tank and shipped to
the 222-S Laboratory in Hanford’s 200 West Area. The sample material was transferred to 500-mL
bottles before being shipped to the Radiological Processing Laboratory (RPL) in the 300 Area, where the
samples were inspected on receipt.  All of the samples contained a settled layer of light brown solids with
a dark brownish/black standing liquid.  Sample inspection and Sr/TRU feed preparation were documented
through Test Instruction 41500-009, “AN-102 Sample Inspection” (Appendix A of this report).  Approxi-
mately 137 grams of supernatant were removed from bottle 2AN-00-25 (25th grab sample taken on
August 11, 2000, 76 inches from the bottom of the tank), and diluted with approximately 74 grams of
0.01M sodium hydroxide.  The target sodium concentration of the diluted waste was 5.3M.

SRTC received a sample of AN-102 waste for characterization and process testing in FY 1999 (Hay et al.
2000).  PNWD also characterized the as-received waste prior to the scheduled integrated process testing
(Urie et al. 2002).  Both analyses confirmed the samples had elevated levels of Sr-90 and TRU compo-
nents, primarily Am-241. There appeared to be no significant difference in the composition of the
supernatant samples shipped to SRTC for the earlier tests and the new samples received at RPL, even
though the samples were collected at a different height in the tank and contained different levels of solids.
The major difference was the Cm-244 contamination that had occurred with the SRTC samples.
However, the free hydroxide concentration in the as-received waste was in question based on three
different values reported by SRTC and the value reported in the Hanford TWINS database.  Urie et al.
reported a concentration of 0.25M free hydroxide in the as-received waste. This value was consistent
with the results from this optimization study, which found the diluted waste had 0.14M free hydroxide
(Appendix D).

2.2 Development of Test Conditions
The RPP-WTP contract (WTP 2001) requires that the immobilized low-activity waste (ILAW) product
contain less than 100 nCi/g TRU and that the average Sr-90 be less than 20 Ci/m3.  However, shielding
for the LAW vitrification facility now requires that every ILAW container be less than or equal to
20 Ci/m3 Sr-90.  Supernatant from Envelope C waste contains levels of Sr-90 and TRU too high to meet
ILAW requirements.  At the design basis waste oxide loading of 15 wt% for Envelope C tanks, waste
from AN-102 needs DFs of approximately 10 for Sr-90 (90% removal) and 2 for TRU (50% removal) to
meet a target that is 50% below the ILAW disposal requirements.  Since over 90% of the TRU in AN-102
is Am-241, a target DF of 2 was established for Am-241.

Experimental conditions were defined using the results from earlier studies with AN-107 waste (Hallen
et al. 2000a,b).  Based on these studies, a strontium and permanganate treatment level of 0.02M was
expected to yield good decontamination results.  AN-102 waste was reported to have a free hydroxide
concentration of >0.1M, enough to give good decontamination of Sr-90 and TRU. This information was
used to construct the test matrix shown in Table 2.1. The target concentrations listed in the test matrix
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Table 2.1. Test Matrix for Experiments Using Tank AN-102 Waste Samples

Sample
Number

Target
[OH ]

Target
[Sr2+]

Target
[MnO4 ]

Digest
Temperature Comment

HD-01 AR(a) 0 0 Ambient Initial waste-filtered
HD-02 AR(a) 0 0 Ambient Initial waste-filtered, duplicate
HD-03 AR(a) 0.02M 0 Ambient Sr only at ambient temperature
HD-04 AR(a) 0.02M 0 50 C Sr only at 50 C
HD-05 AR(a) 0.02M 0.02M Ambient Sr and Mn at ambient temperature
HD-06 AR(a) 0.02M 0.02M 50 C Sr and Mn at 50 C
HD-07 0.5M 0.02M 0.02M Ambient Increased [OH ] at ambient temperature
HD-08 0.5M 0.02M 0.02M 50 C Increased [OH ] at 50 C

(a)  As received ~0.14M.

are based on the final composition after addition of all reagents. The quantity of each reagent to add to
the waste to achieve these values, as well as the actual quantities that were used, can be found in Test
Instruction 41500-008 (Appendix B of this report).

The test specification lists temperatures of 25  5 C and 50  5 C for the experiments. The ambient hot
cell temperature was 26 C on the day of the test and was within the temperature requirement of 25  5 C
for the lower-temperature experiments.  Selected experiments were heated to 50  5 C and held for
4 hours after reagent addition. The 4-hour solids digest time was expected to allow more isotopic
exchange of Sr-90 with added nonradioactive strontium. The 50 C treatment temperature is the system
design basis for the Sr/TRU removal process, but is a holdover of the earlier Sr/TRU removal process that
used iron precipitation instead of permanganate.  Subsequent studies showed that ambient temperature
resulted in adequate Sr-90 and TRU decontamination (Hallen et al. 2000a).

2.3 Experimental
The decanted AN-102 supernatant was diluted with 0.01M sodium hydroxide in the High Level
Radiochemistry Facility hot cells (in the RPL). The waste was transferred to the Shielded Analytical
Laboratory hot cells (in the RPL) for these tests. The small-scale experiments were conducted in 60-mL
sample jars with approximately 20 mL of the diluted tank waste. The reagents were rapidly added to the
wastes with an adjustable pipette, in the order listed in Table 2.1 (from left to right), at ambient hot cell
temperature, and mixed with magnetic stir bars. The ambient hot cell temperature was 26 C on the day of
the test.  All reagents were added before the samples were heated in a hot water bath that had been
preheated to the set temperature. The samples were held for the prescribed time, 4 hours, at this
temperature, removed, cooled, and filtered with a 0.45- m disposable syringe filter for analyses.
Duplicate samples of initial waste, HD-01 and HD-02, were filtered, along with the other samples, but no
chemical reagents were added. The samples for chemical and radiochemical analyses were acidified and
diluted to the appropriate levels for the analytical method.

Stock solutions of the reagents were prepared for addition to the waste.  The experiments used
0.4M strontium nitrate and 0.4M sodium permanganate as the stock solutions.  Although the process
design basis specifies 1M strontium nitrate and 1M sodium permanganate solutions, more dilute solutions
were used to provide more accurate dispensing and better mixing/distribution of the reagents.  Before the
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experiments were started, sodium hydroxide was added as a 10M solution to the diluted waste to increase
the total hydroxide level to 0.5M. The actual quantities of waste and reagents used are given in the test
instructions (Appendices A and B).

2.4 Chemical Analyses
All of the chemical analyses were conducted at PNWD. The test specification designated the analytes of
interest and minimum reportable quantities (Reynolds 2000).  Separation and alpha energy analysis
(AEA) were required for Am-241 because of the high Cs-137 concentration.  The Sr-90 concentration
was determined by chemical separation followed by beta counting.  Sodium concentration was
determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES), as were the other
metals listed in the test instructions.  Selected samples were also analyzed by titration to determine the
free hydroxide concentration.  All of the analytical results are included in Appendix D.
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3.0 Results and Discussion

These experiments focused on treatment at two different reaction temperatures with strontium nitrate
alone and in combination with permanganate and at two hydroxide concentrations. The results are
discussed below.

3.1 Decontamination of Sr-90 and TRU
The series of experiments involved multiple samples, and all samples were analyzed as a single analytical
batch to determine the change in waste composition upon treatment.  Duplicate samples of the starting
diluted waste were analyzed after filtration to determine the initial composition of the supernatant. The
radionuclide composition of the treated samples was compared with the initial composition to determine
the extent of decontamination. The DF for a specific radionuclide is defined as the concentration of the
component in the initial waste divided by the concentration after treatment, corrected by the amount of
dilution that occurred during sample treatment:

DF = [A] /([A]*MD)i

where [A]i is the concentration of component A per mass in the initial sample; [A] is the concentration of
component A per mass in the treated sample; and MD is the mass dilution, final mass of treated solution
divided by the initial mass of solution.  The final mass is determined by summing up the mass of initial
waste and all dilutions, adjustments, and/or reagent additions.

The decontamination factors for Sr-90 are shown in Figure 3.1. The Sr-90 DFs were greatly increased by
the solids digest and filtration at 50 C.  Addition of permanganate increased the Sr-90 DFs regardless of
temperature. The added free hydroxide resulted in a slight reduction in the Sr-90 DFs.  Only the
experiments with the 50 C digest and filtration resulted in DFs above the target of 10, but all treatment
conditions were adequate to meet the ILAW glass requirements for Sr-90 (DF=5, derived from Table 3.3
in Section 3.4).
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Figure 3.1. Strontium-90 Decontamination Factors for Treated Samples as a Function of
Digest Temperature. Sr only: 0.02M Sr2+; Sr + Mn: 0.02M Sr2+ and 0.02M MnO4 ;
and OH + Sr + Mn: 0.5M OH , 0.02M Sr2+, and 0.02M MnO4 .
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SRTC (Rosencrance et al. 1999) conducted a statistically designed set of beaker experiments to determine
the impact of strontium addition at three different levels, 0.02, 0.05, and 0.075M, but all experiments
were run at 50 C. Those experiments cannot be directly compared to the experiments in this report,
because different levels of permanganate and hydroxide were used.  The closest test conditions to those
reported here, EXP-24 (50 C, 0.02M Sr, 0.03M Mn, and 1M OH), had a Sr-90 DF of 14.9. The Sr-90 DF
determined here for “close” conditions (50 C, 0.02M Sr and Mn, 0.5M OH) was 20.4. The other
difference is that SRTC added the reagents with the samples heated to 50 C, whereas in this study the
reagents were added at ambient temperature and then the precipitate was digested at 50 C.

Examining the ICP-AES data for total soluble strontium provides an understanding of the Sr-90
decontamination mechanism.  The total soluble strontium in the initial waste is very low (~1 g/g) and
well below the saturation limit for strontium carbonate.  On addition of nonradioactive strontium nitrate,
the total strontium increases to levels around 150 g/g.  In examining the total strontium concentration as
a function of temperature and reagent addition, Figure 3.2, it is clear the temperature has the largest
impact on total strontium solubility. The elevated digest temperature reduces the strontium solubility
because of the retrograde solubility of strontium carbonate. Therefore, the reduction of total strontium
solubility is directly linked to the high Sr-90 decontamination. The permanganate addition also reduces
the total strontium levels, but has much less of an effect than the temperature. The reduction in total
strontium by permanganate treatment is likely a result of partial oxidation of the chelating agents, EDTA
and HEDTA. The increased hydroxide level did not reduce the total strontium solubility and, therefore,
did not increase the Sr-90 decontamination.
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Figure 3.2. Total Strontium Solubility in the Treated Samples as a Function of Digest Temperature.
Sr only: 0.02M Sr2+; Sr + Mn: 0.02M Sr2+ and 0.02M MnO4 ; and OH + Sr + Mn:

 0.5M OH , 0.02M Sr2+, and 0.02M MnO4 .

In comparison, the extreme sensitivity to temperature on Sr-90 removal (DF) was not reported as
significant for the earlier AN-102 samples (Rosencrance et al. 1999) or for samples of AN-107 waste
(Hallen et al. 2000a).  Rosencrance et al. concluded that the Sr/TRU removal process was robust with
respect to temperature, but reported Sr-90 DFs of 23 5 at 25 C and 37  7 at 50 C.  It is noted in the
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SRTC study that the Sr-90 DF is typically more than adequate and the conditions used for the experi-
ments were non-optimum.  Strontium solubility was not reported, but this DF variation with temperature
is consistent with the temperature variation observed here. The total soluble strontium levels were similar
for treated AN-107 waste.  However, AN-107 waste was treated with very high levels of strontium
nitrate, 0.075M, and higher permanganate, 0.05M. The isotopic dilution in AN-107 waste was much
higher. The total strontium solubility for AN-107 at ambient temperature (~160 g/g) resulted in high
decontamination because of the higher reagent addition; 95% (DF=20) of the Sr-90 was removed at
ambient temperature.  With a high Sr-90 removal at ambient temperature, the increase in temperature to
50 C would only increase the Sr-90 removal by approximately 3%. Thus, the temperature effect on Sr-90
is most significant and noticeable at low reagent addition, such as 0.02M used for these studies.

The system design temperature for operation of the crossflow filtration equipment is 25 C. The high
Sr-90 removal at 50 C is a result of the decreased total strontium solubility.  As the waste is cooled to
25 C for filtration, the total strontium solubility will increase and result in a loss of Sr-90 decontamina-
tion.  If a higher DF is desired for Sr-90, more nonradioactive strontium should be added to the waste (for
example, increase strontium addition to 0.03M), or the temperature will need to be increased in the
filtration system to match the precipitation temperature.  Because of the concern for post-filtration
precipitation, the filtration temperature should remain 25 C for the plant.

The effectiveness of the various treatment conditions for TRU removal can be seen by examining the DFs
for Am-241 shown in Figure 3.3. The target DF of 2 was obtained for samples when permanganate was
added.  The elevated temperature digest resulted in better TRU decontamination, but with 0.02M
permanganate at ambient temperature, the DFs greatly exceeded the target of 2. TRU decontamination
was not increased with added hydroxide to the AN-102 waste sample. This is in contrast to results from
AN-107, which required additional hydroxide because the waste as received was hydroxide deficient
(Hallen et al. 2000c).
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Figure 3.3. Americium-241 Decontamination Factors for Treated Samples as a Function of Digest
Temperature.  Sr only: 0.02M Sr2+; Sr + Mn: 0.02M Sr2+ and 0.02M MnO4 ; and OH + Sr + 
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The curium isotopes, primarily 243 and 244, account for approximately 5% of the total TRU and are
analyzed as part of the Am-241 analytical method.  Figure 3.4 shows a comparison of the DFs for the
curium isotopes and Am-241. The DFs for the curium isotopes follow the same trends as found for
Am-241, but have greater variability due to increased analytical error associated with the very low
concentrations of these isotopes.
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 Figure 3.4. Comparison of Decontamination Factors for Am-241, Cm-243+244, and Cm-242

3.2 Statistical Analyses of Data
The experimental test matrix is represented by the variables listed in Table 3.1, where the strontium
addition is held constant at 0.02M for all tests.  For OH , the level 0 represents no additional hydroxide,
and the level 1 represents 0.5M added OH .  For MnO4 , the level 0 represents no permanganate addition,
and the level 1 represents 0.02M addition.  For temperature, level 0 represents ambient temperature
(26 C), and level 1 represents 50 C. The responses, as percent removal relative to the starting solution,
are given for Sr-90, Am-241, Cm-243+244, and Cm-242.

Table 3.1. Test Matrix and Response of Variables

Variable Response
Test No. OH MnO4 Temp. Sr-90 Am-241 Cm-233+244 Cm-242
HD-03 0 0 0 81.9 -6.8 -19.1 8.2
HD-04 0 0 1 93.3 20.7 18.3 16.4
HD-05 0 1 0 86.0 79.3 79.1 86.3
HD-06 0 1 1 96.6 83.0 82.5 75.0
HD-07 1 1 0 80.7 78.7 74.4 81.5
HD-08 1 1 1 95.1 84.2 77.1 75.0
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This experimental matrix can be expressed graphically by the cube below. The six corners covered by
dots represent the experimental combinations of the factors that were included in the study. The lower
left corner, at the junction of the left, bottom, and front faces of the cube, represents the (0,0,0)
experimental trial, that is, with all three factors at their respective zero levels.  Like an X, Y, Z coordinate
system with points represented by (x, y, z), the triples shown at the corners represent the respective levels
of the factors in the form (OH , MnO4 , Temp.). The levels of OH are thus displayed, respectively, on 
the left and right faces of the cube; for MnO4 , the levels are on the front and back faces, respectively; and
for temperature, the levels are on the bottom and top faces, respectively.

The percent removal results for each analyte are given adjacent to the corresponding corners of the cube
in this same pattern on the following pages.  Given a fitted model, one could predict the responses at the
“missing” corners of the cube, that is, for those combinations of factors not run in the experiment.  While
such estimates are provided on the following pages, caution should be exercised in using these values.
Considerable uncertainty is associated with these values, especially since little information is available to
estimate experimental or measurement error due the minimal number of trials.

MnO4

Temp

OH
(0,0,0)

(1,1,1)

(0,1,0)

(0,1,1)

(0,0,1)

(1,1,0)

(OH, MnO4, Temp)

MnO4

Temp

OH
(0,0,0)

(1,1,1)

(0,1,0)

(0,1,1)

(0,0,1)

(1,1,0)

(OH, MnO4, Temp)
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Sr-90 Removal – Experimental results for the percent removal of Sr-90 are given by the cube diagram
below. The value at each of the dotted vertices, representing the six experimental combinations, is the
resulting percent removal.  The boxed values at the other two vertices are discussed below. The analysis
summary that follows the cube can be interpreted as statistical multiple linear regression.

Sr-90 Percent Removal

90.3

78.1

96.6

86.0

OH

Temp

MnO4

95.1

93.3

80.7

81.9

Summary of Fit
RSquare 0.98
Significance 0.0248
Root Mean Square Error 1.4
Mean of Response 88.9
Observations 6 

Parameter Estimates

Term Estimate Std Error t Ratio Prob >|t|
Intercept 81.5 1.16 70.49 0.0002
OH -3.4 1.42 -2.40 0.1384
MnO4 3.7 1.42 2.61 0.1206
Temp. 12.1 1.16 10.49 0.0090

The r-square value given on the first line above is the proportion of variability in the six Sr-90 responses
that can be explained by the changing levels of the factors OH , MnO4 , and Temp.  The closer this value
is to 1.0, the stronger the relationship between the percent removal responses and the levels of the factors.
The value on the second line, labeled “Significance,” is a statistical measure of the significance of this
r-square value relative to the number of trials run. The smaller this significance value, the more
significant the r-square value and the stronger the relationship between percent removal and the factor
levels.  Generally, significance levels less than 0.05 can be taken to indicate “statistical significance.”

The third line, with the value 1.4 labeled “Root Mean Square Error ” (RMSE), gives an estimate of
variability, analogous to a standard deviation, which would be expected if repeated values were run at a
particular set of factor levels.  Prediction limits for an individual future value, or for the underlying mean
value, at that set of factor levels, depend on the magnitude of the RMSE, the experimental design used,
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and the amount of data available for estimating error.  In these applications, such prediction limits can be
extremely wide due to the minimal number of trials run and relatively large RMSE values for some of the
response analytes.

In the second section of results above, labeled “Parameter Estimates,” the first line, labeled “Intercept,”
represents the expected percent removal when the zero level of each factor is used. Therefore, with no
OH or MnO4  addition, and at ambient temperature, average percent removal is estimated at 82. The
dominant influence on Sr-90 removal in the study is temperature, since its increase from ambient to 50 C
improves the percent removal by the estimate indicated, that is, by about 12.1 percentage points. The
final value on this temperature line, 0.0090, is again a measure of the statistical significance of this
particular factor. The smaller the value, the more significant, so the importance of temperature is clearly
indicated.

By comparison, the two additives are only marginally influential relative to this temperature change.
OH addition actually lowered removal by 3.4 percentage points, while MnO4  addition raised it by about
3 percentage points. The statistical significances of these two factors are, respectively, 0.1384 and
0.1206, which indicate a relatively modest contribution in explaining the variability of the percent
removal.

The importance of temperature can be observed on the cube diagram, where the results for the elevated
temperature are on the top face of the cube. They considerably exceed their corresponding results on the
bottom face of the cube by 12.1 percentage points on the average.  Given this substantial temperature
impact, the relatively modest improvement obtained with the addition of MnO4  can then be seen in the
slightly larger values on the back of the cube relative to those on the front. Similarly, the slightly lower
values on the right face, relative to the left, show the decrease in percent removal resulting from the OH
addition.

The boxed values on the other two vertices are predictions based on the estimated model for the cases that
were not run. They are simply point estimates of what might be expected if that set of conditions were
used.  Again, they should not be used without considering the substantial uncertainties associated.  For
example, a 95% prediction interval for the underlying mean value at the combination of levels
corresponding to the 90.3 value is actually (82.4, 98.1).

Similar analyses for the other analytes are given on the following pages.
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Am-241 Removal – Results for the percent removal of Am-241 are given below:

Summary of Fit

83.0

Am-241 Percent Removal

84.2

20.7
13.4

Temp
79.3

MnO4

78.7

-6.8
1.1OH

RSquare 0.97
Significance 0.0337
Root Mean Square Error 9.4
Mean of Response 56.5
Observations 6

Parameter Estimates

Term Estimate Std Error t Ratio Prob >|t|
Intercept 0.8 7.7 0.11 0.9232
OH 0.3 9.4 0.03 0.9774
MnO4 74.2 9.4 7.92 0.0156
Temp. 12.2 7.7 1.60 0.2510

Again, the percent removal variation is explained by the changing factor levels.  With no OH  or MnO4
addition and ambient temperature, average percent removal is estimated at less than 1. The dominant
influence is then MnO4  addition, since this improves the percent removal on the average by about
74.2 percentage points. This is considered to be statistically significant, as indicated by the associated
significance level 0.0156.  Increasing the temperature then gives additional marginal improvement that is
not statistically significant (relative to error in the model) by increasing the removal percentage by
another 12.2 percentage points.  OH addition had virtually no impact.

This impact of MnO4  addition is observed in the cube diagram, where the higher percent removals all lie
on the back face of the cube, which represents the experiments that included this additive.  Also, the
relatively marginal increase associated with the higher temperature can be seen by comparing the top and
bottom faces of the cube.
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Boxed values are again predictions based on the estimated model for the cases that were not run.  Due to
the greater variability in the results than for Sr-90, these predicted estimates have even more uncertainty.
Given the variability, again indicated by the now considerably larger RMSE (9.4), and again the minimal
amount of data, the questionable utility of the 13.4 predicted mean value is indicated by considering the
associated prediction interval (-38.7, 65.4).

Cm-243+244 Removal – Results for the percent removal of Cm-243+244 are given below:

Cm-243+244 Percent Removal

1.8

-12.7

82.5

79.1

OH

Temp

MnO4

77.1

18.3

74.4

-19.1

Summary of Fit
RSquare 0.96
Significance 0.0649
Root Mean Square Error 14.0
Mean of Response 52.1
Observations (or Sum Wgts) 6

Parameter Estimates

Term Estimate Std Error t Ratio Prob >|t|
Intercept -7.7 11.6 -0.67 0.5729
OH -5.2 14.0 -0.36 0.7533
MnO4 81.2 14.0 5.79 0.0286
Temp. 14.5 11.5 1.27 0.3330

A slightly less significant proportion of the variability in percent removal is explained (significance level
0.0649).  With no OH  or MnO4  addition and ambient temperature, average percent removal is predicted
to be negative due to the combined effect of measurement error and our inability to perfectly model the
relationships with this modest amount of data. The dominant influence is again MnO4 addition, since
this improves the percent removal by about 81.2 percentage points.  Increasing the temperature then gives
marginal improvement (relative to error) by increasing the percent removal by another 14.5 percentage
points.  OH  addition appears to have no significant impact and, if anything, its addition decreases the
percent removal.  Again, the higher percent removals all lie on the back face of the cube diagram, which
represents the experiments that included MnO4 .
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Extremely large uncertainties are again associated with the predictions based on the estimated model for
the cases that were not run. They are presented primarily for completeness and consistency in the
analyses.

Cm-242 Removal – Results for the percent removal of Cm-242 are given below:

Cm-242 Percent Removal

Summary of Fit

75.0 75.0

16.4
8.3

Temp
86.3 81.5

MnO4
8.2

OH 11.5

RSquare 0.98
Significance 0.0251
Root Mean Square Error 7.2
Mean of Response 57.1
Observations (or Sum Wgts) 6

Parameter Estimates

Term Estimate Std Error t Ratio Prob >|t|
Intercept 13.9 5.9 2.37 0.1413
OH -2.4 7.2 -0.33 0.7701
MnO4 68.5 7.2 9.51 0.0109
Temp. -3.2 5.9 -0.55 0.6401

A significant proportion of percent removal is again explained.  With no additives and ambient
temperature, average percent removal is predicted to be about 13.9. The dominant influence is again
MnO4  addition, since this improves the percent removal by about 68.5 percentage points. Temperature
increase and OH  addition do not have a significant impact and, if anything, appear to decrease the
percent removal slightly.  Again, the impact of MnO4  addition is observed on the cube diagram, where
the higher percent removals all lie on the back face of the cube (which represents the experiments that
included the additive).

The statistical analysis of the curium isotopes should have been the same, but because of very low curium
concentrations and Cm-242 concentrations, an order of magnitude lower than Cm-243 and Cm-244,
differences were seen.  However, conclusions from these analyses are the same; i.e., permanganate
addition has the dominant impact on curium removal.
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The boxed values are again given for completeness of the analyses, but very large uncertainties are
associated with them.

3.3 Change in Chemical Composition
Chemical analyses of each sample were performed by ICP-AES. The ICP data of the various samples can
be used to determine the impact of the various process conditions on the chemical composition of the
supernatant. The impact of the process condition on the chemical composition of the treated supernatant
is calculated as a percent removal relative to the starting waste. Table 3.2 shows the composition of the
starting waste (HD-02) in g/g, and the percent change that occurred for the various treated samples.  A 
number of the analytes show little or no significant change on treatment:  Al, Cd, Co, Cu, K, Mo, Ni, and
P.  It is important that Al and P both stay in the supernatant and go to the low-level glass melter.
Chromium is also an important element that is preferred in the supernatant. The Cr showed little removal
with strontium addition only (HD-03, -04), but some removal when both strontium and permanganate
were added. The Cr removal is significant because Cr can be a glass-limiting element in high-level waste
(HLW) treatment; the less Cr removed from the supernatant, the better for the overall treatment plant.
The Cr data also showed higher removal at the elevated temperature.  In comparison, the Cr removal from
AN-107 was significantly higher than that for AN-102, ranging from 50% to as high as 90% removal.
AN-107 treatment involved higher permanganate dosages and higher digest temperatures. Consequently,
the reduced level of permanganate and lower digest temperature used in treatment of AN-102 have
resulted in less Cr in the Sr/TRU precipitate (HLW).

Table 3.2.  Percent Removal of ICP Metals for the Treated Samples

Analyte HD-02 ( g/g) HD-03 (%) HD-04 (%) HD-05 (%) HD-06 (%) HD-07 (%) HD-08 (%)
Al 5670 -2 3 5 1 1 0

Ca 183 13 24 17 26 15 24
Cd 24.2 -1 3 3 -1 -1 0
Co [1.6] [9] [2] [-2] [5] [-1] [-1]
Cr 101 1 8 34 38 23 36
Cu 9.5 -1 3 4 1 2 0
Fe 29.4 45 60 [90] [76] 68 [89]
K 844 -1 1 0 -2 -2 -2
La [6.3] [27] [52] [71] [>76] [>75] [>75]
Mn [9.3] [3] [13] [60(a)] [47(a)] [75(a)] [78(a)]

Mo 20.6 -1 3 2 0 -1 -2
Nd [13] [12] [25] [74] [>77] [67] [>76]
Ni 162 -1 3 2 0 -1 -2
P 735 -1 3 5 3 1 0
Pb 68 1 3 8 11 15 25
Zn [2.1] [-29] [10] [>30] [>29] [>26] [>26]
Zr [4.2] [3] [8] [53] [>64] [48] [>63]
Note: Values in brackets are in low concentration, values less than 10 times the detection limit, and error likely to exceed 15%.
> before the number denotes the sample was below the detection limit, and percent removal was calculated assuming the
concentration was at the detection limit.
(a) Manganese was added as a reagent in Tests HD-05 through -08.
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As discussed in Section 3.1, strontium addition caused a large increase in strontium concentration in the
treated supernatant. The strontium addition removed Ca from solution. The Ca removal is dependent on
temperature; Ca has lower solubility at higher temperature.  However, the Ca removal was not signifi-
cantly impacted by the addition of permanganate and hydroxide.  Strontium-only addition (HD-03, -04)
also resulted in some Fe, La, and Nd removal.  Much more Fe, La, and Nd were removed when both
strontium and permanganate were added. The iron removal was surprisingly high with the strontium-only
addition and higher than La and Nd removal.  The Nd percent removals were very similar to those
obtained for radioactive Am and Cm.  This supports the use of Nd as a surrogate for Am and Cm in waste
simulant studies.  Appreciable Mn removal only occurred when permanganate was added, and its removal
is also very similar to those for Am and Cm.

3.4 Estimated Sr-90 and TRU Levels in ILAW Glass
The data from these experiments can be used to estimate the Sr-90 and TRU loadings that would be
expected in ILAW glass made from the treated supernatant. The TRU activity is calculated by adding
Am-241, Cm-242, and Cm-243+244. This sum represents 95% of the TRU radioisotopes in AN-102
waste.  The calculated glass loadings are listed in Table 3.3 for the current baseline design waste glass
concentration of 15 wt% waste Na2O. The results show that all treated samples were below the contract
limits for ILAW glass.  However, the target level of 50% below the limit was only met for Sr-90 at the
higher temperature. Thus, 0.02M added strontium nitrate and ambient temperature (26 C) are adequate to
meet the contract requirement.  TRU loadings of 50% below the contract limit were met when
permanganate was added.

Table 3.3.  Sr-90 and TRU ILAW Glass Loadings for 15 wt% Waste Na2O

Digest
Temperature

Target
[Sr2+]

Target
[MnO4 ]

Additional
[OH ]

Sr-90
Loading
(Ci/m3)

TRU
Loading
(nCi/g)

ILAW limits 20 100
Ambient none none none 89 74
Ambient 0.02M none none 17 84

50 C 0.02M none none 7 66
Ambient 0.02M 0.02M none 14 17

50 C 0.02M 0.02M none 3 14
Ambient 0.02M 0.02M 0.5M 18 16

50 C 0.02M 0.02M 0.5M 4 11
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4.0 Conclusions and Recommendations

Experiments were conducted with actual samples of diluted AN-102 waste at various modified Sr/TRU
removal process conditions. The results of these experiments have demonstrated the potential for
optimizing the Sr/TRU removal process.  Reduced reagent addition and simplified process conditions
provided adequate Sr-90 and TRU decontamination.

Experiments were conducted to examine a solids digest temperature of 25  5 C and 50  5 C, strontium
nitrate addition at 0.02M with and without permanganate at 0.02M, and hydroxide levels as received
(>0.1M) and with 0.5M additional hydroxide.  These experiments also provided a better understanding of
mechanisms for Sr-90 decontamination. The decontamination factors for Sr-90 from all of the
experimental conditions evaluated resulted in a Sr-90 DF of 5 or higher, which is an adequate
decontamination to meet ILAW requirements.  However, the Sr-90 DFs were very temperature sensitive
and greatly increased by the solids digest and filtration at 50 C. The addition of permanganate slightly
increased the Sr-90 decontamination at both temperatures tested. The added free hydroxide resulted in a
slight reduction in the Sr-90 DF. These results demonstrate that, for Sr-90 removal, hydroxide addition is
not recommended; the precipitation temperature in the treatment plant can be reduced from 50 C to 25 C;
and the strontium nitrate addition can be reduced from 0.075M to 0.02M to meet ILAW glass
requirements.

When the total soluble strontium data (by ICP-AES) are correlated to the Sr-90 DFs, the decontamination
mechanism becomes clearer. The primary mechanism for Sr-90 removal is isotopic dilution with the
added nonradioactive strontium nitrate. The total soluble strontium in the initial waste is very low
(~1 g/g) and well below the saturation limit for strontium carbonate in the complexant-containing tank
waste (AN-102 and AN-107).  On addition of nonradioactive strontium nitrate, the total soluble strontium
increases to levels around 150 g/g. The total strontium concentration is extremely sensitive to the digest
temperature, reduced by nearly half at 50 C, which correlates directly to the increased Sr-90 DF at 50 C.
The reduction of total strontium solubility is directly linked to the increase in Sr-90 decontamination.  An
increase in temperature reduces the strontium solubility because of the retrograde solubility of strontium
carbonate. The permanganate addition also reduces the total strontium levels, but has much less of an
effect than the temperature. The reduction in total soluble strontium by permanganate treatment is likely
a result of partial oxidation of the chelating agents, EDTA and HEDTA. The increased hydroxide level
did not reduce the total strontium solubility and, therefore, did not increase the Sr-90 decontamination.

The system design temperature for operation of crossflow filtration equipment is 25 C.  The high Sr-90
removal at 50 C is a result of the decreased total strontium solubility.  As the waste is cooled to 25 C for
filtration, the total strontium solubility will increase and result in a loss of Sr-90 decontamination.  If a
higher DF is desired for Sr-90, more nonradioactive strontium should be added to the waste.  The
precipitation and filtration temperature should be the same.  Because of the concern for post-filtration
precipitation, the precipitation and filtration temperature should be 25 C.

The TRU decontamination in AN-102 waste only occurred when permanganate was added.  The TRU
removal exceeded the requirements for ILAW glass by a factor of >5. The digest at 50 C only provided a
slight increase in TRU decontamination.  TRU decontamination was not increased with added hydroxide
to the AN-102 waste sample.  These results show that, for TRU removal, the precipitation and digest
temperature should be 25 C; the permanganate can be reduced from the baseline concentration of 0.05M
to 0.02M; and no additional hydroxide is needed before the waste is treated.
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The recommended Sr/TRU removal process conditions for waste from Tank AN-102 are listed below:

1. Dilute/evaporate to a final target sodium concentration of 5M and do not add additional sodium
hydroxide.

2. Then, at a temperature of 25  5 C with the waste stirring, add 0.02M strontium nitrate followed
by 0.02M sodium permanganate.

3. After both reagents are added, stir/digest the precipitate at 25  5 C for 4 hours.

4. Next, filter the waste at 25  5 C.

These conditions are much lower than the current baseline Sr/TRU removal conditions of 0.075M
strontium, 0.05M permanganate, 1M additional sodium hydroxide, and treatment/digest at 50 C.  The
recommended conditions would result in substantial savings in procurement costs for the reagents; less
precipitation and filter cycle time; fewer solids to filter, hence less filter capacity required and fewer wash
streams for recycle; and fewer HLW solids that need to be stored and incorporated into HLW glass.
Eliminating the additional sodium hydroxide will allow higher waste loadings in ILAW glass, which will
reduce the total volume of low-activity waste glass.
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Table F.1. Staff Roles and Responsibilities

Staff Member Role/Responsibility

Richard Hallen Scientist/Technical Leader - Sr/TRU Removal

Ingrid Burgeson Scientist/Hot Cell Experiments - lead and direct hot cell experiments

Vaughn Hoopes Technician/Hot Cell Experiments- conduct experiments and sample prep.

Dennis Weier Scientist/Statistician - Data Analysis
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