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Summary 
 

The River Protection Project-Waste Treatment Plant (RPP-WTP) 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 Sr-90 
precipitation as SrCO3, and sodium permanganate (0.05M), for precipitation of the TRU elements, at 
50°C and 1M additional sodium hydroxide.  Section 5 of the Research and Technology Plan, prepared by 
Bechtel National, Inc., identifies further research needs.  One need shown is to determine the mechanism 
of the Sr/TRU precipitation process (SOW Ref.:  Sec. C.6 Std.2(a)(3)(ii)(B) and WBS No.: 1.2.10.01 and 
.02).  Reaction mechanism assessment for the Sr/TRU precipitation process is addressed in Scoping 
Statement B-38, which is included in Appendix C of the Research and Technology Plan.  In accordance 
with Scoping Statement B-38, Test Specification 24590-WTP-TSP-RT-02-013, and Test Plan TP-RPP-
WTP-191, studies were conducted with actual tank waste samples to develop a better understanding of the 
TRU decontamination mechanisms. 

Objectives 

This report discusses investigations into the mechanism of the Sr/permanganate treatment process for 
removing Sr-90 and TRU from tank supernatant destined for immobilization as LAW.  Experiments were 
conducted with actual waste samples from Envelope C tanks, AN-102 and AN-107.  The purpose of these 
mechanistic studies was to determine the role of permanganate reactions in TRU decontamination.  Of 
specific interest is the importance of various mechanisms, such as oxidation, absorption, precipitation, 
and ligand displacement, on TRU decontamination.  Past studies, supported by additional results from 
these investigations, have demonstrated the effectiveness of Sr-90 removal by isotopic dilution and 
precipitation as SrCO3 by added nonradioactive Sr(NO3)2. 

Previous mechanistic investigations were conducted with waste simulant solutions.  The results of the 
simulant tests were used to define experiments for actual waste testing.  The results from the actual waste 
tests are provided in this report and support observations reported from the simulant studies.  This is 
important because the earlier conclusions were based on the removal of surrogate elements, not actual 
TRU components.  Although the chemistry is expected to be similar for the waste simulant solutions, the 
exact composition of organics and complexants in the actual waste is not fully known or understood.  
Consequently, tests with actual wastes provide further support for conclusions and recommendations 
based on simulant results. 
 
Conduct of Testing 

Small-scale radioactive tests (~20 mL) were conducted with tank waste samples from both AN-102 and 
AN-107.  A series of tests with each tank waste were conducted approximately 1 month apart.  Not all 
conditions tested were identical for each set of experiments.  In all but one experiment (permanganate-
only addition), Sr(NO3)2 was added first for Sr-90 precipitation.  The strontium addition was followed by 
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the addition of a reagent targeted at TRU removal.  In general, the experiments examined TRU removal 
by the impact of the Mn oxidation state [Mn(VII), Mn(VI), Mn(IV) as solid, and Mn(II)]; oxidation by a 
nonprecipitating, non-Mn-containing, reagent (periodate); and a complexant-competing, highly-charged 
cation, Zr(IV). 

The decontamination of Sr-90 was examined as a function of treatment chemistry.  The decontamination 
factors (DFs) were high (>10) for all experiments [except when no Sr(NO3)2 was added, Mn(VII) only], 
and for the Sr/periodate experiment with the AN-102 sample.  In general, both wastes gave quite similar 
results for Sr-90 removal.  The most notable differences between the two wastes were for the no-mix 
experiment and the Sr/periodate treatment.  Examination of the [Sr] data shows that this is a direct result 
of the differences in Sr solubility for these treated samples.  All other treatment schemes resulted in an 
overall decreased [Sr].  The results are consistent with the Sr-90 DF resulting from isotopic dilution and 
dependent on the final Sr concentration (amount of Sr that precipitates from solution). 

The TRU removal is represented by the DF for the sum of alpha emitters.  All of the reagents tested gave 
some level of TRU removal.  For AN-102 waste, permanganate generally gave the highest DF, the 
exception being the high TRU DF for periodate addition.  The results for Zr(IV) addition suggest that 
ligand exchange and precipitation alone do not result in as high TRU removal as when oxidation also 
occurs (when treated with permanganate).  This result, combined with the results from different Mn 
oxidation states, suggests oxidation is important for TRU decontamination in AN-102.  The results 
suggest that the TRU removal process is most effective for removing the tri-valent actinide ions, Am and 
Cm.  These TRU elements make up approximately 95% of the TRU in the Envelope C wastes.  

Ligand exchange, precipitation, and sorption appear to be most important for TRU removal from AN-107.  
Addition of reduced oxidation states of Mn [Mn(VI) and Mn(II)] was just as effective as permanganate.  
For AN-107, oxidation-only (periodate) resulted in significant TRU removal (75%), but experiments with 
no oxidation, Mn(II) and Zr(IV), gave higher TRU removal (>80%).  Oxidation was not as important for 
TRU removal in AN-107 as with AN-102 treatment.  When all of the data are examined, including the Sr 
data discussed above, it is concluded that AN-102 has significantly more EDTA/HEDTA-type 
complexants than AN-107. 

From the simulant results, it was concluded that experiments involving an oxidant generally had higher 
levels of surrogate TRU element (lanthanides) removal than those in which only precipitation or 
absorption occurred.  Some differences were noted between the simulant and actual waste data.  In 
simulant studies, ligand displacement appeared to be important for Zr(IV), which resulted in similar 
removal as the permanganate treatment for most of the surrogate TRU elements.  The concentration of Zr 
in the simulant samples (4h and 24h) was also very high.  Presumably, Zr(IV) competed well for ligands 
while remaining soluble, and displaced other metal ions that then precipitated in the basic solution. 

The results of the simulant no-mixing tests (1h after reagent addition) were confirmed with actual waste 
samples.  Good mixing during the Mn reduction reactions was not as important as earlier expected, as 
long as the resulting precipitate was well mixed with the supernatant before the sample was filtered.  This 
was expected for Sr-90 removal (isotopic exchange still occurs with the SrCO3 precipitate), but surprising 
for permanganate treatment, since a large fraction of the waste was not directly contacted/oxidized with 
Mn(VII).  However, the addition of preformed Mn(IV) solids to AN-102 waste was not as successful; 
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thus, it is important for precipitation to occur in the waste.  The better removal by Mn solids formed in the 
waste is likely a result of a more active form of Mn precipitate.  Results suggest that the precipitate 
contains substantial quantities of more reduced Mn (III and possibly II). 

The time dependence of Sr-90 and TRU removal was examined for selected experiments.  The TRU was 
found to be independent of time, similar to earlier reported bench-scale tests.  The greatest time 
dependence (between the 4h and 24h samples) is noted for the Sr-90 DF, and is directly related to the 
corresponding [Sr].  This was the same result as observed in the simulant tests.  The soluble Sr was nearly 
twice as high at 4h as 24h, which translates to a near twofold increase in the Sr-90 DF between the 4h and 
24h samples.  The overall Sr-90 DF is determined by the amount of isotopic dilution and final Sr 
concentration.  Increasing the Sr-90 DF by waiting 24h to filter would have the same effect as doubling 
the initial nonradioactive Sr addition if filtration were to occur at 4h.  These results suggest that crossflow 
filtration to remove solids should not begin until more than 4h after reagent addition. 

Results and Performance Against Objectives 
 
The objective of this work was to demonstrate that the Sr/TRU removal process provides adequate 
decontamination of Envelope C waste to meet the contract requirements for immobilized low-activity 
waste (ILAW).  The initial waste from Tank AN-107 was higher in both Sr-90 and TRU compared to 
waste from Tank AN-102.  The experimental data from both wastes can be used to predict the loading of 
Sr-90 and TRU (sum of alpha) expected in the ILAW at a fixed waste sodium loading of 15 wt% 
(contract limit >10 wt%).  At 24h of reaction, the levels of Sr-90 and TRU in the supernatant from 
treatment of both wastes were quite similar.  For Sr-90 loading, the levels were three times below the 
ILAW requirements of 20 Ci/m3 and for TRU loading, the levels were four times below the requirements 
of 100 nCi/g when treated by addition of nonradioactive Sr and sodium permanganate at reagent levels of 
0.02M.  These reagent levels are significantly below the baseline treatment conditions of 0.075M Sr and 
0.05M permanganate. 

Quality Requirements 

Testing began in September 2002 and continued through January 2003 to assess the reaction mechanisms 
of Sr/TRU removal by added Sr(NO3)2 and permanganate.  Battelle—Pacific Northwest Division 
(PNWD) implemented the RPP-WTP quality requirements by performing work in accordance with the 
River Protection Program-Waste Treatment Plant Technical Support Quality Assurance Project Plan 
(QAPjP) approved by the RPP-WTP Quality Assurance (QA) organization.  PNWD addressed 
verification activities by conducting an Independent Technical Review of the final data report in 
accordance with Implementing Procedure QA-RPP-WTP-604 contained in the Waste Treatment Plant 
Support Project Quality Assurance and Description (WTPSP) Quality Assurance Manual.  This review 
verified that the reported results were traceable, that inferences and conclusions were soundly based, and 
that the reported work satisfied the test plan objectives. 
 
 
 
 



 

 vi

 
 
 
 

This page intentionally left blank. 



 

vii 

Contents 
 
 
Summary ...............................................................................................................................................  iii 
 
1.0 Introduction................................................................................................................................  1.1 
 
2.0 Test Conditions and Experimental Procedures ..........................................................................  2.1 
 
 2.1 Description of Waste Samples ...........................................................................................  2.1 
 2.2 Development of Test Conditions .......................................................................................  2.1 
 2.3 Experimental ......................................................................................................................  2.3 
 2.4 Chemical Analyses ............................................................................................................  2.3
 2.5 Quality Assurance Requirements.......................................................................................  2.4 
 
3.0 Results and Discussion...............................................................................................................  3.1 
 
 3.1 Decontamination of Sr-90..................................................................................................  3.1 
 3.2 Decontamination of TRU...................................................................................................  3.4 
 3.3 Change in Chemical Composition .....................................................................................  3.6 
 3.4 Comparison of AN-102 Active and Simulant Test Results ...............................................  3.10 
 3.5 Estimated Sr-90 and TRU Levels in ILAW Glass.............................................................  3.11 
 
4.0 Conclusions and Recommendations ..........................................................................................  4.1 
 
5.0 References..................................................................................................................................  5.1 
 
Appendix A - Sample Data ...................................................................................................................  A.1 
Appendix B - Analytical Data...............................................................................................................  B.1 



 

viii 

Figures 
 
 
3.1. Strontium-90 Decontamination Factors for Treated AN-102 Samples as a Function of 

Added Reagent and Reaction Time. .............................................................................................. 3.2 
3.2. Total Strontium Solubility in the Treated AN-102 Samples as a Function of Reagent 

Addition and Reaction Time.......................................................................................................... 3.2 
3.3 Comparison of Sr-90 DF for AN-102 and AN-107 Experiments .................................................. 3.4 
3.4 TRU (Sum of Alpha) Decontamination Factors for Treated AN-102 Samples as a Function 

of Reagent Addition and Reaction Time ....................................................................................... 3.4 
3.5 Comparison of Decontamination Factors for Total Alpha, the Various Isotope Pairs, and 

the Sum of Alpha ........................................................................................................................... 3.5 
3.6 Comparison of TRU (Sum of Alpha) DF for AN-102 and AN-107 Waste Samples .................... 3.6 
3.7 Fe and Mn Levels in AN-102 and AN-107 Samples After Addition of Sr 

and Permanganate .......................................................................................................................... 3.9 
3.8 Comparison of Strontium Solubility for Active AN-102 and Inactive AN-102/C-104 Waste 

Blend Treated with Similar Reagents and Sampled ...................................................................... 3.10 
3.9 Percent Removal of Target ICP Metals for Selected Samples....................................................... 3.11 
 
 
 

Tables 
 
 
Table 2.1.  Test Matrix for Experiments Using Tank AN-102 Waste Samples......................................... 2.2 
Table 3.1.  Isotopic Exchange Ratio, [Sr-90]/[Sr] in µCi/µg, for AN-102 Tests....................................... 3.3 
Table 3.2.  AN-102 Chemical Composition and Change on Treatment as Percent Removal.................... 3.7 
Table 3.3.  AN-107 Chemical Composition and Change on Treatment as Percent Removal.................... 3.8 
Table 3.4.  Sr-90 and TRU ILAW Glass Loadings for 15 wt% Waste Na2O .......................................... 3.12 
 



 

1.1 

1.0 Introduction 

This report summarizes work performed by Battelle—Pacific Northwest Division (PNWD) in support of 
the River Protection Project-Waste Treatment Plant (RPP-WTP) at Hanford.  Before the liquid 
(supernatant) fraction of Envelope C(a) wastes (Tanks AN-107 and AN-102) can be disposed of as low-
activity waste (LAW), pretreatment is required to remove radioactive strontium (Sr-90) and transuranic 
(TRU) elements in addition to Cs-137 and the entrained solids.  The Sr-90 removal process consists of 
isotopic dilution by nonradioactive Sr(NO3)2 addition and precipitation of SrCO3.  The TRU removal 
process involves addition of permanganate, stepwise manganese reduction, Mn(VII) to Mn(VI) to 
Mn(IV); precipitation of MnO2; and concomitant TRU precipitation.  This TRU decontamination method 
is based on work conducted at Pacific Northwest National Laboratory by Orth et al. (1995).  Entrained 
solids and Sr/TRU precipitate are to be removed via crossflow filtration; Cs-137 is to be removed by ion 
exchange.  In previous work for the RPP-WTP contractor, PNWD and the Savannah River Technology 
Center demonstrated Sr/TRU removal with actual waste samples from Envelope C tanks (Hallen et al. 
2000a,b; Hallen et al. 2002a,b,c; Nash et al. 2000a,b) by added nonradioactive Sr and permanganate. 

Optimized treatment conditions were identified in small-scale tests (20 mL) with AN-102 waste samples 
(Hallen et al. 2002a).  Hallen et al. (2002b,c) conducted additional small-scale and bench-scale tests with 
a waste blend consisting of AN-102 waste and C-104 high-level waste (HLW) pretreatment streams.  This 
additional testing verified that the optimized process conditions, which minimized reagent addition 
(0.02M) and reduced the process temperature to ambient (25 ± 5°C), provided adequate Sr-90 and TRU 
removal to meet immobilized low-activity waste (ILAW) requirements.  Results from the bench-scale test 
established the mechanism of Sr-90 removal (Hallen et al. 2002c).  Before Sr addition, the waste was 
undersaturated with Sr.  Sampling the reaction mixture 18 min after Sr(NO3)2 addition showed the total Sr 
concentration was near 200 µg/g and that isotopic dilution of Sr-90 in the supernatant was complete.  
With increased reaction time, the Sr-90 decontamination factor (DF) continued to increase as a result of 
decreased total Sr concentration.  A decrease in temperature resulted in increased total Sr concentration, 
which decreased the Sr-90 DF (Hallen et al. 2002a). 

The primary mechanism for Sr-90 removal was isotopic dilution by added nonradioactive Sr(NO3)2 and 
SrCO3 precipitation.  The addition of permanganate increased the Sr-90 decontamination, likely a result 
of oxidation of the chelating agents and precipitation of additional SrCO3.  The Sr-90 DFs increased 
significantly with time.  However, this increased Sr-90 decontamination was not a result of increased 
isotopic exchange or ligand oxidation, but, rather, continued precipitation, i.e., reduction of total soluble 
Sr concentration.  Isotopic exchange was found to be complete 18 min after reagent addition was 
complete (Hallen 2002c).  Therefore, the kinetics of the Sr decontamination reaction were shown to be 
important; more than 4h was required to approach the final concentration.  When the sample was cooled 
to 22-25°C for filtration testing, the Sr concentration increased (Sr-90 DF decreased) as a result of the 
retrograde solubility of SrCO3 (Felmy and Mason 2003).  Therefore, in addition to isotopic dilution, the 
other important factor in decontamination is the total Sr concentration (distribution of Sr between the 
solution and solid phases), which is a function of the carbonate concentration, complexant concentration, 
                                                      
(a) Envelope designations are explained in DOE (2000). 
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temperature, and time.  Both AN-102 and AN-107 have such high levels of carbonate (>0.5M) that the 
carbonate concentration has little impact on SrCO3 solubility (Felmy and Mason 2003). 

The TRU removal from AN-102 diluted waste (Hallen et al. 2002a) and the AN-102/C-104 waste blend 
(Hallen et al. 2002c) was consistent.  The TRU decontamination in the AN-102/C-104 waste blend 
occurred after the permanganate was added (Hallen et al. 2002b,c).  The TRU removal exceeded the 
requirements for ILAW glass by a factor of 5.  This result suggested that blending had no impact on TRU 
removal.  The initial concentrations of TRU elements were also significantly decreased with the waste 
blending, such that the waste without treatment was below the ILAW levels. 

Previous work has shown that permanganate addition to waste results in reduction to a variety of Mn 
species (Gauger and Hallen 2001).  Oxidation of formate and organics in the waste reduces Mn(VII) to 
Mn(VI), then to Mn(IV) and likely lower Mn oxidation states.  Depending on the organic compounds 
present, soluble Mn(IV) complexes can form, but eventually the Mn precipitates from solution.  Further 
investigations of the Mn reaction chemistry relevant to waste processing were performed with an 
AN-102/C-104 waste blend simulant (Lilga et al. 2003).  The purpose of those mechanistic studies was to 
determine the importance of oxidation, absorption, precipitation, and ligand displacement on 
decontamination.  The results showed that permanganate is the preferred reagent because all potential 
mechanisms for TRU removal are operative:  oxidation, absorption, precipitation, and ligand 
displacement.  Results from the simulant studies were used to define the conditions for the active (actual) 
waste tests described in this report. 

The objective of the work reported here was to repeat the earlier reaction mechanism experiments (Lilga 
et al. 2003), using actual waste samples, and determine if similar reaction mechanisms are important.  The 
experiments discussed in this report were performed in radioactive hot cells using approximately 20-mL 
samples of waste with various amounts of added reagents.  Samples of both AN-102 and AN-107 were 
available for the actual waste tests so potential differences between the two Envelope C wastes could be 
identified.  Earlier results (Hallen et al. 2000a,b and Nash et al. 2000a,b) suggested that AN-107 may be 
more difficult to treat and may require higher levels of reagent addition to meet the ILAW requirements. 

The results from reaction mechanism tests with actual waste samples from AN-102 and AN-107 are 
presented in this report.  Test conditions and experimental procedures are described in Section 2.0.  
Results from the tests are discussed in Section 3.0.  The major conclusions and recommendations are 
given in Section 4.0.  The appendices include the quantities of samples and reagents used for each test 
matrix, and provide all of the analytical data. 
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2.0 Test Conditions and Experimental Procedures 

Experiments probing the mechanism of Sr-90 and TRU removal used actual samples of AN-102 and 
AN-107 waste that had been shipped to PNWD for integrated process testing.  The waste samples, test 
conditions, experimental procedures, and chemical analyses are described below.  Additional details are 
provided in Appendices A and B. 

2.1 Description of Waste Samples 

PNWD received two bottles of AN-102 tank waste from Hanford’s 222-S Laboratory.  The material was 
originally collected by grab sampling of AN-102 from riser 022 over the period August 7 through 11, 
2000, and shipped to the 222-S Laboratory in Hanford’s 200 West Area.  The sample material was 
transferred to 125-mL bottles that were shipped to the Radiochemical Processing Laboratory (RPL) in the 
300 Area, where they were inspected on receipt.  The two bottles used for testing in this study contained a 
settled layer of light brown solids, with a dark brownish/black standing liquid.  The samples were 
assumed to be similar in composition to the earlier AN-102 samples characterized by Urie et al. (2002).  
Analyses determined the AN-102 samples contained approximately 0.25M free hydroxide, 1M carbonate 
(total inorganic carbon, TIC), and 2M total organic carbon (TOC).  The samples were diluted with an 
appropriate amount of 0.01M NaOH to give a diluted feed of approximately 5.5M sodium prior to reagent 
addition.  Free OH- in the diluted samples was determined, by titration, to be 0.14M. 

A 500-mL bottle of AN-107 diluted feed (designated AN-107 UFC, Urie et al. 1999a) had been retained 
for future testing during the bench-scale testing with AN-107 (Hallen et al. 2000b).  Urie et al. (1999a) 
had prepared the diluted feed to a target of 7.7M sodium and 1.1M added hydroxide.  AN-107 was 
hydroxide-deficient when originally received (Urie et al. 1999b), but the diluted feed preparation, addition 
of 1.1M hydroxide, resulted in a free hydroxide content of 0.7M.  The caustic adjustment resulted in 
86.4% of the total sodium as waste sodium.  The carbonate (TIC) and TOC concentrations were 
determined to be 1.4M and 2.5M, respectively.  Since the waste had been stored in the hot cell and aged 
for approximately 4 years, samples were taken and reanalyzed before the experiments were begun.  The 
sodium concentration was determined to be 8.6M by inductively coupled plasma-atomic emission 
spectrometry (ICP-AES).  Samples were analyzed to confirm free hydroxide was still present before 
testing was initiated.  Titration determined the AN-107 UFC sample contained 0.55M free hydroxide.  
Since excess free hydroxide was still present in the AN-107 diluted feed, no caustic adjustment was 
required.  The [Na] data were used to determine the quantity of 0.01M NaOH to add to the AN-107 UFC 
sample to yield approximately 5.5M sodium in the waste prior to treatment. 

2.2 Development of Test Conditions 

Experimental conditions were defined using the results from earlier reaction mechanism studies with 
AN-102/C-104 waste blend simulant (Lilga et al. 2003).  Based on these studies, minimum levels (0.02M) 
of reagents were added to determine the differences in the effectiveness of treatment conditions.  The 
addition of 0.02M Sr(NO3)2 and permanganate showed adequate Sr-90 and TRU decontamination (Hallen 
et al. 2002a).  The test matrix for each tank sample was slightly different.  The total number of tests was 
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held to a minimum to limit the volume of waste used and to keep associated analytical costs within the 
budget.  This information was used to construct the test matrices shown in Tables 2.1 and 2.2 for AN-102 
and AN-107, respectively.  The target concentrations listed in the test matrices are based on the final 
composition after addition of all reagents.  Both test matrices included a repeat of the second 
experimental conditions as the final experiment in the matrix to examine the variability in conducting 
duplicate experiments.  The quantity of each reagent to add to the waste to achieve these values, as well 
as the actual quantities that were used, are listed in Appendix A. 

Table 2.1.  Test Matrix for Experiments Using Tank AN-102 Waste Samples 

Experiment 
Number Sr+2 Mn(VII) Mn(VI) Mn(IV) Mn(II)(a) Other(b) Stir 

Added 
OH- 

RX-01 -- -- -- -- -- -- No AR(c) 
RX-02 0.02M 0.02M -- -- -- -- Yes AR 
RX-03 -- 0.02M -- -- -- -- Yes AR 
RX-04 0.02M 0.02M -- -- -- -- Yes 0.3M 
RX-05 0.02M 0.02M -- -- -- -- No(d) AR 
RX-06 0.02M -- 0.02M -- -- -- Yes AR 
RX-07 0.02M -- -- Solid(e) -- -- Yes AR 
RX-08 0.02M -- -- -- 0.02M -- Yes AR 
RX-09 0.02M -- -- -- -- IO4

-(f) Yes AR 
RX-10 0.02M -- -- -- -- Zr(IV)(g) Yes AR 
RX-11 0.02M 0.02M -- -- -- -- Yes AR 

(a) Mn+2 precipitates as Mn(OH)2, which air oxidizes to Mn(IV). 
(b) Periodate (IO4

-) is a non-precipitating oxidant, and zirconium, Zr(IV), is a non-oxidizing precipitant. 
(c) AR = as received, 0.14M OH-; no added hydroxide. 
(d) Mix sample after 1h of reaction. 
(e) Solid reagent, freshly precipitated MnO(OH)(ONa) · xH2O, same number of Mn equivalents added. 
(f) Solid reagent, KIO4

-. 
(g) 0.02M Zr(NO3)4. 

Table 2.2.  Test Matrix for Experiments Using Tank AN-107 Waste Samples 

Experiment 
Number Sr+2 Mn(VII) Mn(VI) Mn(II)(a) Other(b) Stir 

SS-01 -- -- -- -- -- No 
SS-02 0.02M 0.02M -- -- -- Yes 
SS-03 0.02M -- 0.02M -- -- Yes 
SS-04 0.02M 0.02M -- -- -- No(c) 
SS-05 0.02M -- -- 0.02M -- Yes 
SS-06 0.02M -- -- -- IO4

-(d) Yes 
SS-07 0.02M -- -- -- Zr(IV)(e) Yes 
SS-08 0.02M 0.02M -- -- -- Yes 

(a) Mn+2 precipitates as Mn(OH)2, which air oxidizes to Mn(IV). 
(b) Periodate (IO4

-) is a non-precipitating oxidant, and zirconium, Zr(IV), is a non-oxidizing precipitant. 
(c) Mix sample after 1h of reaction. 
(d) Solid reagent, KIO4

-. 
(e) 0.02M Zr(NO3)4. 
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2.3 Experimental 

The waste samples were diluted with 0.01M NaOH just prior to waste testing in the Shielded Analytical 
Laboratory hot cells (in the RPL).  The small-scale experiments were conducted in 60-mL sample jars 
with approximately 20 mL of the diluted tank waste.  The reagents were added rapidly to the wastes with 
an adjustable pipette, in the order listed in Tables 2.1 and 2.2 (from left to right), at ambient hot cell 
temperature, and mixed with magnetic stir bars when specified.  The ambient hot cell temperatures ranged 
from 26°C to 28°C on the days of these tests.  Each series was conducted over a 2-day period, 
approximately 1 month apart.  Samples were collected at the specified times of 4h and/or 24h and filtered 
immediately with a 0.2-µm disposable syringe filter.  Duplicate samples of initial waste, RX-01 and 
SS-01, 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.  Samples for titration were submitted without any chemical addition. 

Sample RX-06, Mn(VI) addition, was spilled during weighing after the reagent addition.  The sample 
could not be recovered, and no additional waste remained to re-run this condition.  The Mn(VI) test 
condition, SS-03, was examined with AN-107 waste to provide data for reaction mechanism assessment. 

Stock solutions of the reagents were prepared for addition to the waste.  The experiments used 
0.44M solutions of Sr(NO3)2, NaMnO4, MnCl2, and Zr(NO3)4.  The Mn(VI) solution was freshly prepared 
before each series of tests by reducing NaMnO4 (0.44M) with an equal volume of 0.22M NaHCO2 in 2M 
NaOH.  The resulting solution was 0.22M Mn(VI), and 2 mL were added to approximately 20 mL of 
waste to give the target of 0.02M Mn addition.  The 1M free hydroxide stabilized the Mn(VI) solutions 
for up to 24h after preparation.  Without additional hydroxide, the Mn(VI) would disproportionate to 
Mn(VII) and Mn(V), ultimately leading to loss of Mn(VI) from the solution. 

The Mn(IV) solids were prepared by the NaMnO4 reduction with NaHCO2 in 0.1M NaOH.  After 
complete precipitation of the Mn (no remaining solution color), the solids were collected on a filter, 
washed with deionized water, and then dried in a vacuum oven.  A sample of the dried solids was 
digested and analyzed by ICP-AES.  The formula weight of the Mn(IV) solids was determined to be 
205 grams per mole of Mn.  The target Mn addition of 0.02M is equal to 0.09 grams of solids added for 
each approximately 20 mL of sample.  Potassium periodate, target 0.06M or 0.3 grams, was added as a 
solid because of its low solubility in water at room temperature.  Caustic addition to RX-04 involved 
adding 1 mL of 6.6M NaOH to approximately 20 mL of waste.  The actual quantities of waste and 
reagents used are given in Appendix A. 

The test specification stated the temperature for these tests as 25 ± 5°C.  The ambient hot cell temperature 
on the days of these tests varied from 26°C to 29°C, which was within the temperature requirement; 
hence, no external heating or cooling was provided for the samples during this testing. 

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 (Abodishish 2002).  Alpha energy analysis was used to 
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determine the TRU content based on the reported sum of the alpha emitters.  Total alpha counting was 
conducted on the RX samples only.  The Sr-90 concentration was determined by chemical separation 
followed by beta counting.  Sodium concentration was determined by ICP-AES, as were the other metals 
listed in the test instructions.  Selected samples were also analyzed by direct titration with 0.2M HCl to 
determine the free hydroxide concentration (free hydroxide in the sample corresponds to the first 
equivalence point).  All of the analytical results are included in Appendix B. 

2.5 Quality Assurance Requirements 

PNWD implements the RPP-WTP quality requirements by performing work in accordance with the River 
Protection Program-Waste Treatment Plant Technical Support Quality Assurance Project Plan (QAPjP) 
approved by the RPP-WTP Quality Assurance (QA) organization.  This work was performed to the 
quality requirements of NQA-1-1989 Part I, Basic and Supplementary Requirements, and NQA-2a-1990, 
Subpart 2.7.  These quality requirements are implemented through the Waste Treatment Plant Support 
Project Quality Assurance Requirements and Description (WTPSP) Quality Assurance Manual.  The 
analytical requirements for this work were implemented through the Laboratory’s internal QA Manual, 
Conducting Analytical Work in Support of Regulatory Programs. 

Experiments that are not method-specific were performed in accordance with QA Implementing 
Procedures QA-RPP-WTP-1101 “Scientific Investigations” and QA-RPP-WTP-1201 “Calibration 
Control System,” assuring that sufficient data were taken with properly calibrated measuring and test 
equipment to obtain quality results.  All QA Implementing Procedures are contained in the WTPSP 
Quality Assurance Manual. 

PNWD addressed internal verification and validation activities by conducting an Independent Technical 
Review of the final data report in accordance with Implementing Procedure QA-RPP-WTP-604.  This 
review verified that the reported results were traceable, that inferences and conclusions were soundly 
based, and the reported work satisfied the test plan objectives.   

BNI’s QAPjP, 24590-QA-0001, is not applicable since the work was not performed in support of 
environmental/regulatory testing, and the data should not be used as such. 
 



 

3.1 

3.0 Results and Discussion 

The results of experiments with AN-102 and AN-107 waste to assess the reaction mechanisms for the 
Sr/TRU removal process are discussed in this section. 

3.1 Decontamination of Sr-90 

Each series of experiments using AN-102 and AN-107 waste involved multiple samples, analyzed as 
multiple analytical batches, and provided analytical results to determine the change in waste composition 
upon treatment.  Duplicate samples of each starting 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: 

 )MD*]A/([]A[DF 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 the mass of initial 
waste and all dilutions, adjustments, and/or reagent additions. 

The DFs for Sr-90 from treated AN-102 samples are shown in Figure 3.1.  Sr-90 removal was observed 
for all experiments where nonradioactive Sr(NO3)2 was added, consistent with the mechanism for 
Sr-90 removal involving isotopic dilution and SrCO3 precipitation.  The addition of permanganate alone 
resulted in no Sr-90 removal; nonradioactive Sr must be added to remove Sr-90 from Envelope C wastes.  
The Sr-90 DFs were greatly increased by the solids digest time of 24h versus 4h.  The added free 
hydroxide (0.3M) had little impact on the Sr-90 DFs compared with treatment of the waste without any 
additional hydroxide (0.1M).  The no-mix experiment for the first hour of reaction did not have a 
significant impact on the Sr-90 DF, supporting the earlier conclusions from simulant tests that mixing 
during reagent addition and initial permanganate reduction are not important as long as the treated 
samples are well mixed before filtration.  The oxidation state of the Mn added had little impact on the 
Sr-90 DF.  Sr-90 removal was less effective when combined with periodate addition, compared with other 
experiments where Sr(NO3)2 was added.  Nonradioactive Sr and Zr(IV) addition gave a Sr-90 DF that was 
nearly as high as permanganate.  These results suggest that complexant oxidation is not important for 
Sr-90 removal and that isotopic dilution and SrCO3 precipitation are the primary mechanisms. 

Addition of 0.02M nonradioactive Sr would result in 1400 µg/g [Sr] if SrCO3 precipitation did not occur.  
The [Sr] data for the AN-102 tests are shown in Figure 3.2.  Note that the relatively high concentration of 
Sr for periodate addition corresponds to precipitation of 84% of the added Sr, and the highest DFs 
(permanganate addition) correspond to precipitation of 94% of the added Sr.  The [Sr] data also show the 
same consistent trend as found in earlier tests:  at 4h, the total [Sr] is still relatively high; after 24h, the 
values are generally half the 4h values, resulting in a doubling of the Sr-90 DF.  However, the  
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 Figure 3.1. Strontium-90 Decontamination Factors for Treated AN-102 Samples as a Function of 
Added Reagent and Reaction Time.  Target Reagent Levels: 0.02M for all except OH- 
(target of an additional 0.3M) and IO4

- (target concentration of 0.06M). 
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Figure 3.2. Total Strontium Solubility in the Treated AN-102 Samples as a Function of Reagent 
Addition and Reaction Time 
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[Sr] is not the only difference in DF for the 4h samples.  When the isotopic dilution ratio, Sr-90/[Sr], is 
examined (Table 3.1), three of the four samples taken at 4h of reaction time do not appear to have reached 
the final equilibrium ratio (~0.018 µCi/µg).  The experimental average of the 24h samples and the 
calculated ratio based on the quantity of added Sr(NO3)2 agree quite well, showing that isotopic exchange 
is complete.  The slow isotopic exchange for the 4h samples is likely a result of the procedure used for the 
small-sample tests with reagent addition via an autopipetter, where the Sr(NO3)2 solution is injected 
rapidly into the waste solution.  In the bench-scale tests where complete isotopic exchange was noted at 
18 min, the Sr solution was added slowly over 6 min with continuous stirring by an overhead-driven 
impeller.  The undersaturation of Sr in the initial waste can be seen by comparing the [Sr] in the initial 
waste (~1 µg/g) to the [Sr] in any of the samples with added nonradioactive Sr (85-228 µg/g). 

The results for experiments with AN-107 waste can be compared to those for AN-102 waste.  The 
comparison of Sr-90 DFs at 24h of reaction is shown in Figure 3.3.  Sr-90 removal was high (DF >10) for 
the AN-107 waste and in most cases quite similar to AN-102.  The corresponding TRU removal process 
did not significantly impact Sr-90 removal from AN-107 as was noted for AN-102.  Only minor 
differences appear for Sr-90 removal from the two Envelope C wastes for the no-mix and periodate 
experiments.  The AN-102 sample results appear to be more sensitive to changes in process conditions 
than for corresponding treatment conditions with AN-107 samples.  The carbonate (TIC) concentrations 
are high (>0.5M) in both these wastes and likely have little impact on the differences observed, as only 
0.02M is consumed on SrCO3 precipitation. 

Table 3.1.  Isotopic Exchange Ratio, [Sr-90]/[Sr] in µCi/µg, for AN-102 Tests 

[Sr-90], µCi/g [Sr], µg/g [Sr-90]/[Sr], µg/g 
Conditions 4h 24h 4h 24h 4h 24h 

Initial 28 28 [1.2] [1.1] 24.1 25.8 
Sr/Mn(VII) 4.4 1.5 132 85 0.0330 0.0177 
Sr/Mn(VII) dup 2.5 1.5 149 88 0.0165 0.0166 
Mn(VII) -- 22 -- [1.0] -- 22.2 
Sr/Mn(VII)/OH- 4.3 1.7 151 85 0.0281 0.0198 
Sr/Mn(VII) no mix 5.3 1.3 141 85 0.0373 0.0150 
Sr/Mn(IV) solid -- 1.5 -- 89 -- 0.0164 
Sr/Mn(II) -- 1.7 -- 101 -- 0.0172 
Sr/IO4

- -- 4.7 -- 228 -- 0.0204 
Sr/Zr(IV) -- 2.0 -- 111 -- 0.0180 

Experimental Avg. 0.0176 
Stddev 0.0018 Values in brackets [ ] are greater than the method detection limit 

(MDL) but less than the estimated quantitation limit (EQL), with 
errors likely to exceed 15%. Calculated ratio 0.0185 
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Figure 3.3.  Comparison of Sr-90 DF for AN-102 and AN-107 Experiments 

3.2 Decontamination of TRU 

The effectiveness of the various treatment conditions for TRU removal from AN-102 can be seen by 
examining the DFs for the sum of the alpha shown in Figure 3.4.  The DFs were significantly higher when  
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Figure 3.4.  TRU (Sum of Alpha) Decontamination Factors for Treated AN-102 Samples as a Function of 
Reagent Addition and Reaction Time 
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oxidation occurred, i.e., experiments where permanganate, Mn(VII), or periodate was added.  The 
periodate treatment (oxidation) showed even greater TRU removal than permanganate, possibly because 
the target concentration of periodate was 0.06M, which corresponds to about twice the oxidation 
equivalence as permanganate at 0.02M.  Process changes coupled with permanganate addition (no 
Sr addition; hydroxide added; or no mixing for the first hour of reaction) did not significantly impact 
TRU decontamination.  Precipitation, sorption, and ligand exchange by reduced states of Mn (IV and II) 
and Zr(IV) resulted in only low levels of TRU removal, DF ~2 (50% removal).  The precipitation of 
Mn solids in the waste solution (no mix) resulted in higher TRU DFs than addition of preformed 
Mn(IV) solids.  The high organic content in the waste solution likely resulted in the formation of more 
reduced Mn solids, which were more effective at TRU removal than preformed Mn(IV) solids.  There was 
very little difference in time dependence in the TRU DFs, with little difference between DFs at 4h and 
24h sample times. 

Two different radiochemical methods were used to determine the alpha content of the waste samples.  
Individual isotope pairs were determined by the alpha counting technique and added together to give the 
sum of alpha.  Total alpha was determined in a separate technique by counting the entire sample.  The 
DFs for the two techniques and individual isotopes can be plotted individually for comparison 
(Figure 3.5).  DFs for the two techniques and Am and Cm isotopes are very similar.  The Am and Cm 
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Figure 3.5.  Comparison of Decontamination Factors for Total Alpha, the Various Isotope Pairs, and the 
Sum of Alpha (Treated AN-102 at 24h) 
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isotopes are most likely in the most stable +3 oxidation state.  Since Am-241 accounts for approximately 
90% of the TRU in AN-102 waste, the Pu-238+Am-241 data can be considered all Am-241.  The 
Cm isotopes, primarily 243 and 244, account for approximately 5% of the total TRU.  The Cm isotope 
data have greater variability due to increased analytical error associated with the very low concentrations 
of these isotopes.  The DFs for the Pu isotopes (Pu-239+240) are consistently lower than found for the 
Am and Cm isotopes.  Both Pu and U+Np isotopes were reported to have lower DFs than Am and Cm in 
earlier bench-scale tests (Hallen et al. 2002c).  Permanganate treatment is most effective for removing the 
+3 valence TRU elements. 

Treatment of AN-107 waste under similar conditions gave significantly different results than AN-102; see 
the comparison shown in Figure 3.6.  TRU removal from AN-107 was significantly higher for most 
treatment schemes compared to the corresponding treated AN-102 sample.  The results for Mn(II), IO4

-, 
and Zr(IV) show that oxidation is not as important for TRU decontamination in AN-107 waste.  This was 
somewhat surprising because AN-107 is initially higher in TOC and concentrations of soluble Fe and Mn.  
Co-precipitation, sorption, and ligand exchange result in high TRU removal from AN-107 waste.  
AN-102 waste may have higher concentrations of active complexants that require oxidation for effective 
TRU removal. 
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Figure 3.6.  Comparison of TRU (Sum of Alpha) DF for AN-102 and AN-107 Waste Samples (24h data) 

3.3 Change in Chemical Composition 

ICP-AES data 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 AN-102 starting waste in µg/g, and the percent change that occurred for the various 
treatment conditions.  Similar data are shown for AN-107 waste and treated samples in Table 3.3. 
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Table 3.2.  AN-102 Chemical Composition and Change on Treatment as Percent Removal 

Sr/Mn(VII), 
% Removed 

Sr/Mn(VII) Dup,
% Removed 

Mn(VII), 
% Removed

Sr/Mn(VII)/OH,
% Removed 

Sr/Mn(VII) No Mix,
% Removed 

Sr/Mn(IV),
% Removed

Sr/Mn(II) ,
% Removed

Sr/IO4
-, 

% Removed
Sr/Zr(IV), 

% Removed
Analyte 

Initial 
Waste, 
µg/g 4h 24h 4h 24h 24h 4h 24h 4h 24h 24h 24h 24h 24h 

Al 4,890 6 4 -4 -3 8 5 6 6 5 -2 -5 -1 -2 

Ca 201 17 19 18 20 7 19 21 19 22 19 20 45 21 

Cd 27 5 3 -1 -2 7 5 5 6 6 -1 -3 17 -2 

Co [2] -1 0 10 10 -1 1 -4 15 15 8 8 9 6 

Cr 84 26 22 24 23 27 25 18 34 39 24 39 6 20 

Cu 7 6 5 7 7 8 11 13 12 11 6 3 10 5 

Fe 8 72 73 60 74 74 71 72 75 83 49 61 70 37 

K(a) 935 4 3 -7 -7 6 5 5 7 8 -6 -8 -210 -7 

La [7] 61 71 70 78 44 73 70 68 79 59 66 >79 49 

Mn(a) [2] -96 >39 -53 37 2 -51 >35 -72 -126 -23 -233 47 >35 

Mo 22 3 2 1 0 5 4 3 5 6 1 -3 0 0 

Na(a) 98,700 5 4 -4 -6 8 0 0 0 3 -4 -5 -4 -4 

Nd 14 63 63 73 72 59 64 48 70 78 43 60 81 27 

Ni 181 4 2 1 1 5 4 3 5 4 2 -1 1 0 

P 825 6 4 1 1 7 6 5 8 7 1 -1 -1 9 

Pb 82 11 10 11 11 12 18 18 21 18 22 13 36 23 

Sr(a) [1] -12,600 -8,100 -14,300 -8,400 20 -15,100 -8,500 -13,500 -8,100 -8,200 -9,700 -21,300 -10,600 

W [57] 6 7 1 2 8 6 5 9 8 8 -1 -2 -1 

Zr(a) [3] 57 61 61 64 62 57 62 49 62 30 45 53 -3,705 

(a) Reagent containing this element was added to some samples during testing, which resulted in increased concentration (a negative percent removal). 
 ># = analyte was below the method detection limit (MDL) and % removal given as greater than the MDL. 
 Values in brackets [ ] are greater than the MDL but less than the estimated quantitation limit (EQL), with errors likely to exceed 15%. 
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Table 3.3.  AN-107 Chemical Composition and Change on Treatment as Percent Removal 

Sr/Mn(VII), 
% Removed 

Sr/Mn(VII) 
Dup, 

% Removed 
Sr/Mn(VI), 
% Removed

Sr/Mn(II), 
% Removed 

Sr/Mn(VII) 
No Mix, 

% Removed 
Sr/IO4

-, 
% Removed

Sr/Zr(IV), 
% Removed

Analyte 

Initial 
Waste, 
µg/g 4h 24h 4h 24h 24h 24h 24h 24h 24h 

Al 1740 -2 0 2 1 1 3 1 2 5 
Ca 336 20 19 25 18 18 20 16 24 25 
Cd 27 0 0 2 0 1 2 2 2 3 
Co 2 4 0 -2 -2 -2 -4 -5 4 -7 
Cr 43 26 21 24 20 24 52 29 -9 39 
Cu 9 0 0 2 1 2 2 2 3 3 
Fe 242 97 97 97 97 97 93 85 91 83 
K(a) 732 -5 -4 0 0 -3 -1 -3 -232 3 
La [6] 79 79 >75 80 77 70 77 76 75 

Mn(a) 51 90 97 90 96 96 78 82 96 88 
Mo 15 2 2 1 1 2 3 -1 1 2 

Na(a) 100,000 -2 2 2 0 -1 6 5 2 3 
Nd 19 78 77 76 76 75 65 75 72 72 
Ni 222 1 1 -1 -1 2 3 2 0 1 
P 302 0 0 1 1 1 1 1 1 4 

Pb 102 29 30 24 25 30 32 33 20 48 
Sr(a) [3] -6400 -2800 -5800 -3200 -3000 -3500 -3100 -4700 -3400 
W 75 2 0 4 3 1 2 3 3 5 

Zr(a) 15 79 82 80 82 82 73 79 67 -137 
(a) Reagent containing this element was added to some samples during testing, which resulted in increased concentration (a negative percent removal). 
 ># = analyte was below the method detection limit (MDL) and % removal given as greater than the MDL. 
 Values in brackets [ ] are greater than the MDL but less than the estimated quantitation limit (EQL), with errors likely to exceed 15%. 
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Figure 3.7.  Fe and Mn Levels in AN-102 and AN-107 Samples After Addition of Sr and Permanganate 

Both treated wastes showed similar trends with the analytes that had little or no significant change for the 
various treatments:  Al, Cd, Co, Cu, K, Mo, Ni, and P.  It is important that both Al and P stay in the 
supernatant that goes to the LAW glass melter, because these components can limit waste loading in the glass.  
Chromium is also an important element that is preferred in the supernatant, because it can limit waste loading 
in the glass.  Some Cr is removed when permanganate is added.  Some differences were noted for Cr, with 
very little Cr removal with IO4

-.  However, with the low reagent addition much less Cr is removed.  Earlier 
tests with AN-107 waste and 0.05M added permanganate showed Cr removal ranging from 50% to as high as 
90% removal.  Consequently, the reduced level of permanganate has resulted in less Cr in the Sr/TRU 
precipitate (HLW). 

As discussed in Section 3.1, Sr addition caused a large increase in [Sr] in the treated supernatant.  The Sr 
addition removed Ca from solution.  This is likely a result of the competition of Sr and Ca for the complexing 
agents (EDTA/HEDTA) and precipitation of calcium carbonate.  However, the Ca removal, like the Sr-90 
decontamination, was not significantly impacted by the addition of permanganate, hydroxide, or other 
reagents.  The Zr concentration also decreased with permanganate treatment and increased when Zr(NO3)4 
was added.  This supports the conclusion that Zr(IV) effectively competes for the organic complexants with 
TRU elements by ligand exchange, which results in TRU precipitation. 

Large differences can be seen in the initial concentrations and removal of Fe and Mn from the two wastes and 
various treatment conditions.  The initial levels of Fe and Mn are approximately 25 times greater in AN-107 
than in AN-102.  However, after treatment, the levels of Fe and Mn are quite similar (Figure 3.7).  The Fe 
levels show little change with time, a similar trend as the TRU DFs.  However, the Mn concentration is 
significantly decreased after 24h of reaction.  Reduced levels of soluble Mn will result in less potential for 
post-filtration precipitation. 
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3.4 Comparison of AN-102 Active and Simulant Test Results 

Similar chemical analyses of actual waste (active) and simulant (inactive) test samples were performed by 
ICP-AES.  The ICP-AES results can be used to compare the [Sr] results from the active AN-102 tests with 
those of Lilga et al. (2003) using simulant (Figure 3.8).  The data shown are only for the 24h samples.  The 
data are quite close, and the slightly higher Sr levels in the simulant suggest the EDTA/HEDTA concentration 
in the simulant experiments was higher than in the diluted AN-102 waste.  With respect to Sr chemistry, the 
waste simulant results appear to represent actual waste treatment; hence, the corresponding [Sr] in the treated 
simulant can be used to assess the expected Sr-90 DF. 

Of the target analytes evaluated in the simulant tests (Lilga et al. 2003), the actual waste samples had 
concentrations of Fe, La, and Nd above the minimum detection limit.  Results for these elements for selected 
treatment schemes of AN-102 simulant and active waste are shown in Figure 3.9.  The results of the actual 
tank waste, 60-80% removal, are very similar to the simulant results for La and Nd.  The Fe removal in the 
simulant was typically higher, ranging from 80-90%.  The La and Nd removal was also similar to the TRU 
elements (DF 3-5 is 67-80% removal).  This is likely because the primary TRU elements, Am and Cm (>95% 
of the TRU), are +3 actinide series ions that are similar in charge to the lanthanide ions.  These results support 
the conclusions from simulant tests and the use of La and Nd removal as an indication of TRU 
decontamination of Envelope C wastes (AN-102 and AN-107). 

Oxidation appears to be important for TRU removal from AN-102 waste, similar to the results reported by 
Lilga et al. (2003) for waste simulant using surrogate lanthanide ions as an indication of TRU removal.  Some 
differences are noted between the actual and simulant tests; Lilga et al. (2003) found Zr(IV) addition was 
nearly equivalent to permanganate addition, not found for actual AN-102 waste tests. 

 

 

 

 

 

 

 

 

 

Figure 3.8.  Comparison of Strontium Solubility for Active AN-102 and Inactive AN-102/C-104 Waste 
Blend Treated with Similar Reagents and Sampled (24h Data) 
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Figure 3.9.  Percent Removal of Target ICP Metals for Selected Samples 

3.5 Estimated Sr-90 and TRU Levels in ILAW Glass 

The data from the experiments discussed here can be used to estimate the Sr-90 and TRU loadings that would 
be expected in ILAW glass made from the treated supernatant.  The Sr-90 data are used directly for the 
calculation with an assumed LAW glass density of 2.76 g/mL.  The TRU activity is calculated by summing 
the individual TRU isotopes (the sum of alpha).  For AN-107 waste samples, the waste Na was 86.4% of the 
total Na because of the caustic adjustment (Hallen et al. 2000b).  The calculated glass loadings are listed in 
Table 3.4 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 (DOE 2000), except for Sr-90 when no 
Sr(NO3)2 was added (permanganate-only).  The target level of 50% below the limit was not met for Sr-90 at 
4h of reaction.  Thus, 0.02M added Sr(NO3)2 and ambient temperature are adequate to meet the contract 
requirement if the reaction time is 24h. 

TRU loadings well below 50% of the contract limit were met when permanganate was added.  Addition of 
other forms of Mn, periodate, and Zr(IV) generally led to higher levels of TRU in the LAW but still low 
enough to meet the contract requirements. 

AN-107 waste initially had higher levels of Sr-90 and TRU than AN-102.  After treatment, the levels of Sr-90 
and TRU in the supernatant from both wastes were quite similar.  These results show good decontamination 
of both wastes at low levels of reagent addition, 0.02M Sr(NO3)2 and 0.02M NaMnO4, and ambient 
temperature.  However, to minimize the concentration of Sr-90 in the ILAW waste, filtration should not begin 
until approximately 24h after reagents are added. 
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Table 3.4.  Sr-90 and TRU ILAW Glass Loadings for 15 wt% Waste Na2O 

AN-102 
Reaction 
Time, h Sr-90, Ci/m3 Sum of Alpha, nCi/g 

ILAW Limits  20 100 
Initial Waste NA 88 89 

4 16 -- 
Sr/Mn(VII) 24 5 17 

4 8 -- 
Sr/Mn(VII) dup 24 5 19 

Mn(VII) 24 78 24 
4 15 -- 

Sr/Mn(VII)/OH- 24 6 26 

4 18 -- 
Sr/Mn(VII) no mix 24 4 21 
Sr/Mn(IV) solid 24 5 35 

Sr/Mn(II) 24 6 29 
Sr/IO4

- 24 15 11 
Sr/Zr(IV) 24 6 52 

AN-107 
Reaction 
Time, h Sr-90, Ci/m3 Sum of Alpha, nCi/g 

ILAW Limits  20 100 
Initial Waste NA 107 160 

4 13 19 
Sr/Mn(VII) 24 6 24 

4 13 21 
Sr/Mn(VII) dup 24 7 22 
Sr/Mn(VI) 24 6 21 

Sr/Mn(VII) no mix 24 8 24 
Sr/Mn(II) 24 10 33 
Sr/IO4

- 24 10 41 

Sr/Zr(IV) 24 8 31 
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4.0 Conclusions and Recommendations 

Experiments were conducted with samples of diluted AN-102 and AN-107 waste at various modified Sr/TRU 
removal process conditions.  These experiments provided a better understanding of the Sr/TRU removal 
process.  Conclusions from this work and recommendations to consider for plant operation are presented in 
this section. 

Experiments were conducted to assess the precipitation chemistry for Sr/TRU removal.  A primary focus was 
to assess the reaction chemistry of Mn species relevant to the mechanism of TRU removal by permanganate 
treatment and to determine the importance of various mechanisms for decontamination, such as precipitation, 
absorption, ligand exchange, and oxidation of organic complexants.  These studies were conducted with 
AN-102 and AN-107 waste samples.  The optimized treatment conditions—no added hydroxide, addition of 
Sr (0.02M target concentration) followed by sodium permanganate (0.02M target concentration) with mixing 
at ambient temperature—were used as a reference for comparison.  Reagent and treatment conditions were 
varied to give information about mechanisms of TRU decontamination and Sr-90 removal in the treatment 
process.  Sr-90 is removed from solution by isotopic dilution with added nonradioactive Sr and precipitation 
as SrCO3. 

The addition of a chemical oxidant did not increase Sr-90 decontamination.  None of the various treatment 
schemes or reagents added showed an improved Sr-90 DF.  Strontium concentrations, and therefore 
decontamination levels, are time dependent.  In all experiments in which Sr was added, the Sr concentrations 
decreased significantly between 4h and 24h.  In some cases, the concentration was halved over this time, i.e., 
a doubling of the Sr-90 DF.  This behavior is the same as that observed by Lilga et al. (2003) for simulated 
waste samples.  The Sr concentrations in the actual waste and the simulated waste were also about the same, 
supporting the conclusions from the simulant studies. 

The important factors for determining Sr-90 decontamination are the isotopic dilution ratio and the [Sr].  
Approximately 95% of the added Sr is precipitated from solution.  The isotopic dilution is quite rapid relative 
to SrCO3 precipitation.  The precipitation of SrCO3 is slow, and adequate time must be allowed for 
equilibrium to be approached.  Therefore, these results suggest that the treated waste should not be filtered at 
4h after reagent addition; instead, additional time should be allowed for Sr to precipitate. 

Several treatments employing various species of Mn (VII, VI, IV, and II); an alternative oxidant; and 
competing metal ion, Zr(IV), were examined.  The DF of TRU (sum of alpha) was used as an indication of the 
extent/effectiveness of treatment.  The performance of the reference treatment conditions was very similar to 
earlier tests with actual waste (Hallen et al. 2002c).  In general, the reference process conditions gave the best 
TRU removal of the treatments tested.  For AN-102, the treatments involving oxidation performed the best, 
although addition of Mn(IV), Mn(II) and Zr(IV) resulted in some TRU removal.  For AN-107, oxidation 
appears to be less important, and similar TRU removal was found for permanganate and reduced Mn(II) and 
Zr(IV).  AN-107 appears easier to treat for TRU removal.  Ligand displacement, precipitation, and sorption of 
TRU ions appeared to be important for treatments of AN-107. 
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Time has very little impact on the TRU removal when comparing the 4h and 24h data.  However, increased 
levels of Mn were noted for the treated samples after only 4h of reaction, whereas all Mn was removed by 24h 
of reaction.  These results again suggest that the treated waste should not be filtered after only 4h of reaction; 
in this case, the increased Mn levels will likely lead to post-filtration precipitation.  Instead, if filtration begins 
after 24h of reaction, all Mn will already have precipitated from solution. 

The results for AN-102 simulant and active tests were very similar, supporting the earlier conclusions of Lilga 
et al. (2003).  The lanthanide elements used in simulant studies as surrogates for the TRU elements have very 
similar removals as the actual waste samples and correlate well to the TRU decontamination.  This correlation 
is likely because 95% of the TRU in the Envelope C wastes are Am and Cm isotopes that are in a similar 
oxidation state as the lanthanide elements. 

The initial waste from Tank AN-107 was higher in both Sr-90 and TRU compared to waste from Tank AN-
102.  The experimental data from both wastes can be used to predict the loading of Sr-90 and TRU (sum of 
alpha) expected in the ILAW at a fixed waste sodium loading of 15 wt% (contract limit >10 wt%).  At 24h of 
reaction, the levels of Sr-90 and TRU in the supernatant from treatment of both wastes were quite similar.  
For Sr-90 loading, the levels were three times below the ILAW requirements of 20 Ci/m3 and for TRU 
loading, the levels were four times below the requirements of 100 nCi/g when treated by addition of 
nonradioactive Sr and sodium permanganate at reagent levels of 0.02M.  These reagent levels are significantly 
below the baseline treatment conditions of 0.075M Sr and 0.05M permanganate. 
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Appendix A 
 
 

Sample Data 



 

A.1 

Table A.1.  Mass Dilution Factors (MDF) Used in DF and Percent Removed Calculations for AN-102 Tests 

 
AN-102 Added Sr Added (0.44 M) Reagents Added 

Experiment 
Number 

Target, 
mL 

Actual 
wt, g 

Target, 
mL 

Actual 
wt, g Reagent 

Target, 
mL 

Actual 
wt, g MDF 

RX-01 10 16.9160 -- -- None -- -- 1 
RX-02 20 25.3779 1 1.0164 Mn(VII) 1 1.0213 1.0803 
RX-03 20 25.2622 0 0.0000 Mn(VII) 1 1.0218 1.0404 
RX-04 20 25.0623 1 1.0413 Mn(VII)/OH- 1 Each 2.1939 1.1291 
RX-05 20 25.3820 1 (a) Mn(VII) 1 2.0222 1.0797 
RX-07 20 24.8547 1 1.0378 Mn(IV) Solid 0.0767 1.0448 
RX-08 20 25.2263 1 1.0411 Mn(II) 1 1.0298 1.0821 
RX-09 20 25.2498 1 1.0452 KIO4

- Solid 0.276 1.0523 
RX-10 20 24.9617 1 1.0385 Zr(IV) 1 1.0605 1.0841 
RX-11 20 24.8819 1 1.0369 Mn(VII) 1 1.0289 1.0830 

(a)  No-mix experiment; no individual weights. 

 

Table A.2.  Mass Dilution Factors (MDF) Used in DF and Percent Removed Calculations for AN-107 Tests 

 
AN-107 Added Sr Added (0.44M) Reagents Added 

Experiment 
Number 

Target, 
mL 

Actual 
wt, g 

Target, 
mL 

Actual 
wt, g Reagent 

Target, 
mL 

Actual 
wt, g MDF 

SS-01 ~40 47.3920 -- -- None -- -- 1 
SS-02 20 25.3219 1 1.0622 Mn(VII) 1 1.0206 1.0823 
SS-03 20 25.3296 1 1.0713 Mn(VI) 2 2.1183 1.1259 
SS-04 20 25.6255 1 1.0553 Mn(II) 1 1.0339 1.0815 
SS-05 20 24.9558 1 (a) Mn(VII) 1 Each 2.1042 1.0843 
SS-06 20 24.8524 1 1.0141 KIO4

- Solid 0.2461 1.0507 
SS-07 20 24.7991 1 1.0699 Zr(IV) 1 1.0759 1.0865 
SS-08 20 24.6714 1 1.0669 Mn(VII) 1 1.0253 1.0848 

(a)  No-mix experiment; no individual weights. 
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