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Acronyms and Abbreviations

Ca Calcium

DF Decontamination Factor

DWPF Defense Waste Processing Facility

EDTA Ethylenediaminetetraacetic Acid

HCOONa Sodium Formate

HLW High Level Waste

HS Heat Source (i.e., mostly 238Pu)

H2O2 Hydrogen Peroxide

M Moles per Liter
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Mn Manganese

MnO4
- Permanganate Ion

MST Monosodium Titanate

Na Sodium

Np Neptunium

Pu Plutonium

RPP River Protection Program

Sr Strontium

SRS Savannah River Site

SRTC Savannah River Technology Center

U Uranium

WAC Waste Acceptance Criterion

WG Weapons Grade (i.e., mostly 239Pu)

WPTS Waste Processing Technology Section

WSRC Westinghouse Savannah River Company

XRD X-ray Diffraction

1.0 Executive Summary

Approximately 130 million L of High-Level Waste (HLW, the radioactive waste product associated with the dissolution of spent nuclear fuel rods for the recovery of
weapons grade material) reside in subsurface tanks awaiting treatment at the Savannah River Site (SRS). The currently proposed designs for the Salt Processing Facility at
the SRS include use of monosodium titanate (MST) to remove and concentrate the strontium and actinides (uranium, plutonium and neptunium) from HLW salt solutions.
However, the River Protection Program (RPP) at the Hanford Site in Washington State proposes use of permanganate addition for strontium and actinide removal from
Hanford HLW.

The MST treatment results in lower solids content than the permanganate treatment according to our calculations from the RPP flowsheet. However, the use of MST for
strontium and actinide removal poses a technical risk due to slow removal kinetics�particularly for plutonium (e.g., Hobbs et al. 2001 and references therein).
Permanganate treatment may offer more rapid removal kinetics than that of MST addition.

To optimize the permanganate treatment for potential use in the SRS application, we studied the addition of permanganate and other agents (such as excess strontium and
calcium) that are thought to facilitate high strontium and actinide removal from Hanford waste. If permanganate treatment were selected for treatment of SRS HLW,
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exclusion of such agents (such as excess strontium and calcium) from the process if not required would decrease the solids loading of the concentrated waste prior to
vitrification of the at the Defense Waste Processing Facility (DWPF).

Our permanganate optimization study examined the effect of calcium concentration, initial manganese (Mn) valence [Mn(II) vs. Mn(VII)], reagent order, reductant
concentration, reductant choice (formate vs. peroxide), permanganate concentration, sequential vs. single permanganate addition, seed strontium concentration and ionic
strength. Our work yields the following conclusions.

Addition of dissolved calcium [in the form of soluble calcium nitrate] failed to enhance strontium and actinide removal at 0.013 M Mn concentrations.

At 0.015 M sodium formate concentration, 0.013 M MnO4
- (permanganate) and 0.01 M Mn(II) nitrate performed similarly with respect to strontium removal. Tests

with 0.013 M permanganate (without calcium) proved more effective at actinide removal than 0.01 M Mn(II).

The order of reagent addition did not significantly influence strontium and actinide removal at initial concentrations of 0.045 M sodium formate and 0.01 M
permanganate.

Studies with variable amounts of sodium formate (0.01 to 0.04 M) at 0.013 M permanganate indicate an optimal reductant concentration as three-fold stoichiometric
excess to that of permanganate.

Tests with peroxide as the reductant demonstrated much higher decontamination factors (DF�s) for the actinides than tests with similar amounts of formate (at a
three-fold stoichiometric excess to that of permanganate) as a reductant. The waste acceptance criterion (WAC) for dissolved strontium (based on 45 atom %
strontium-90, as a worst case scenario), plutonium (assuming heat source (HS) composition, which is mostly plutonium-238) and Np (set at 53 ppb of neptunium-237)
were met for all peroxide treatments but not for all of the formate treatments at initial sodium formate levels of 0.045 M and 0.01 M permanganate.

Removal of strontium and actinides correlated directly with the amount of permanganate ion added. This finding indicates the need for permanganate addition for both
strontium and actinide removal from our SRS HLW simulant salt solution.

Sequential addition of permanganate provided greater plutonium and neptunium removal than with single permanganate addition for treatments with 0.045 M formate
and a total of 0.01 M permanganate. The test using sequential permanganate addition satisfied the WAC for plutonium [(assuming weapons grade (WG) composition,
which is mostly plutonium-239)] while the test with a single, larger permanganate addition failed to meet the requirement.

Strontium removal proved greatest in the absence of 0.01 M seed strontium addition indicating that seeding with stable strontium does not prove useful in the SRS
application. For these tests with 0.001 M or no seed strontium added, the strontium DF remained constant throughout the 168-hour equilibration at sodium formate
levels of 0.045 M and 0.01 M permanganate in these treatments.

After four hours of equilibration, our treatments with 0.01 M strontium nitrate had 1.5 to 2-fold greater actinide removal than treatments with little (0.001 M) or no
seed strontium at initial sodium formate levels of 0.045 M.

Our tests show slightly improved removal of the actinides at low ionic strength (i.e., 4.0 M sodium) than at high ionic strength (5.6 M sodium).

At initial sodium formate levels of 0.045 M and permanganate levels of 0.01 M, the DF values for uranium and neptunium typically proved highest four hours after
the addition of the reagents. Four hours after equilibration, the DF�s for uranium and neptunium decreased with time indicating reversible behavior in the removal of
uranium and neptunium.

2.0 Introduction

The Record of Decision issued on October 17, 2001 identified caustic side solvent extraction as the preferred cesium removal technologies for high-level waste (HLW)
treatment at the Savannah River Site. As a pretreatment step for the solvent extraction flowsheet, the incoming salt solution containing small amounts of entrained sludge is
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contacted with monosodium titanate (MST) to adsorb strontium (Sr) and actinides (Np, Pu and U).

Testing to design the Hanford Waste Treatment Plant indicate the addition of stable (seed) Sr2+, Ca2+, and permanganate show promise for Sr2+ and actinide removal., This
treatment process involves the formation of one or more solids, which precipitate the Sr2+ [presumably as SrCO3(s)] and actinides [presumably as a Mn(III, IV) oxide-
actinide co-precipitate] in the HLW salt solutions. Studies show that the solids that form in studies with Hanford wastes have good filtration characteristics. Hanford HLW
contains considerably more organic compounds [such as formate and ethylenediaminetetraacetic acid (EDTA)] and carbonate ion than SRS waste. Addition of Ca2+ may
benefit Sr2+ and actinide removal when added prior to the permanganate because Ca2+ forms strong complexes with EDTA and can displace complexed Sr2+ ion. These
differences in these two waste compositions are significant because permanganate treatment with some RPP wastes appears to require an excess of stable "seed" Sr2+ (for
isotopic dilution of Sr2+ and Sr precipitation) for Sr removal and a reductant (such as formate ion) for acceptable actinide removal.

The predicted solids loading for MST treatment is lower than that for permanganate treatment according to our calculations from the RPP flowsheet. However, the use of
MST 0.4 g L-1 for Sr and actinide removal poses a technical risk to the current process design due to slow removal kinetics and difficulties in cross-flow filtration (e.g.,
Hobbs et al. 2001 and references therein). Permanganate treatment may offer faster removal kinetics and improved filtration. Addition of seed Sr2+ and Ca2+ would
significantly increase the solids loading for permanganate treatment. For a sludge processing rate of 17.5 gallons per minute, 0.01 M NaMnO4 (alone) would yield 7.62 lb of
solids per hour (as MnO2). However, if seed Sr2+ were required for Sr decontamination, a concentration of 0.01 M Sr(NO3)2 (alone) would yield 9.10 lb of solids per hour

(as SrO). If 0.005 M Ca2+ [as dissolved Ca(NO3)2] were required for Sr decontamination, the Ca2+ (as CaO) would contribute an additional 2.45 lb of solids per hour (as
total Ca). For comparison, 0.4 g MST L-1 (alone) would yield 4.5 lb of solids per hour.

To achieve optimal removal of the Sr2+ from SRS waste using permanganate treatment, we must evaluate several aspects prior to consideration for adoption of
permanganate into the flowsheet. Our report will focus on the optimization of permanganate treatment with simulant SRS HLW salt solutions. Other Savannah River
Technology Center (SRTC) researchers are pursuing other important aspects of permanganate treatment such as the filterability of solids with real and simulant SRS HLW
and the removal of Sr and actinides from SRS HLW material. For our simulant studies, we will examine Sr2+ precipitation in HLW simulants that have low carbonate levels
(i.e., near 0.03 M CO3

2-) as opposed to 0.1 M CO3
2- as in Hanford wastes and in some SRS wastes., , We will investigate whether the addition of any potential synergistic

precipitating agents (such as Ca2+) is required.

2.1 Use of Manganese Oxides for Removal of Radionuclides from Solutions

Manganate solids [the Mn(IV)-dominated oxides] are known for their high surface areas and strong affinities for dissolved cations such as Sr2+ and actinides (e.g., Pu) in
highly alkaline HLW salt solutions. Manganese(III, IV) oxides, which are ubiquitous in the natural environment are noted for their high affinity for actinides and various d-
transition metals in oceanic and freshwater systems., , , Additionally, several analytical methods for Pu isolation utilize Mn oxide solids to concentrate or co-precipitate
actinides from solutions and from various waste streams., ,

3.0 Methods and Materials

We prepared simulant solutions in 4-L batches in addition to several stock solutions of permanganate treatment reagents for two sets of experimental tests. A description of
the test methods follows. A third study used non-radioactive simulant in glass beakers to examine color changes because the plastic poly bottles used in our tests with spiked
simulants made accurate color observations difficult.

3.1 Sample Preparation Description for the First Set of Tests

5/10/24, 2:56 PM Permanganate Treatment Optimization Studies for Strontium and Actinide Removal from High Level Waste Simulants

https://sti.srs.gov/fulltext/tr2002027/tr2002027.html 4/90



For these studies, we made a synthetic HLW salt solutions of 1.33 M NaOH, 2.6 M NaNO3, 0.43 M NaAl(OH)4, 0.34 M NaNO2, 0.52 M Na2SO4 and 0.026 M Na2CO3. We
prepared the solution under acidic conditions. A Na2CO3 solution was prepared separately and pretreated with MST to remove the tramp Sr that typically originates from the
reagent grade Na2CO3. The MST was allowed to equilibrate with the Na2CO3 solution for 24 hours. The suspension was then filtered to remove the MST. After the solution

was filtered it was added to the acidic starting solution. We then spiked the simulant solution with our target spike levels of 100 ppb stable Sr (with trace 85Sr), 500 ppb
237Np, 10,000 ppb 238U and 100 ppb (or 200 ppb as noted below) weapons grade (WG) 239/240Pu (6 % 240Pu). The spike was followed by the addition of the 1.33 M NaOH,
0.43 M NaAl(OH)4, 0.34 M NaNO2, and 0.52 M Na2SO4. Without the removal of tramp Sr with MST prior to the addition of our target radionuclides, our solution would
have had a six-fold greater Sr concentration than that of our spiked solution. [The measured concentrations for the radionuclides in our simulants are shown in section 8.0
entitled EXPERIMENTAL DATA.]

Our tests with this solution were run in a shaken water bath using 100-mL polybottles with 60 mL of spiked salt simulant solution. The Sr(NO3)2, Ca(NO3)2, sodium
formate (HCOONa), hydrogen peroxide (H2O2) and sodium permanganate (NaMnO4) stock solutions were made by dissolving the reagent grade solids in de-ionized
distilled water to give the stock solution concentrations listed in Table 3-1. The peroxide (H2O2) solution was used in its most concentrated form (30 wt %). Table 3-1 also
shows that addition of the stock solutions to the salt simulants did not dilute the salt simulants beyond 4 vol %. We also performed simultaneous tests with 0.4 g L-1 of MST
(Lot #33180) for comparison.

A description of the tests and their controls is given in Table 3-2. Samples were hand-shaken after each reagent addition and placed in the water bath until the next addition
or until sampling. The water bath temperature was maintained at 25 o C. Each reagent addition was 15 minutes apart and sampling began after the last addition, which we
refer to as time 0. However, for the peroxide tests, we added the peroxide last and two to three minutes after adding the permanganate solution. Some foaming was observed
during this peroxide test. We sampled all of the tests from this first set of experiments at 0, 0.5, 2, 4, 24 and 168 hours�except the peroxide tests [and its corresponding
MST treatment (Test 11) and control solution], which were sampled at 1, 2, 4, 24 and 168 hours. We filtered the samples with 0.45-m nylon membrane syringe filters and
acidified them (1:1) in 5 M trace metal grade nitric acid (HNO3).

Table 3-1 Stock Solution Concentrations, Target Test Concentrations and
the Approximate Volume of Stock Solution added to the Two Sets of Tests.

Stock Solution
Concentrations

Targeted Test
Concentrations

Approximate Volume of Stock Solution Added
to the Spiked Salt Simulant *

2.88 M Sr(NO3)2 0.010 M
0.010 M
0.005 M
0.001 M
0.001 M

0.4 mL
0.2 mL (to 60 mL)

0.2 mL
0.04 mL

0.02 mL (to 60 mL)

0.75 M NaMnO4

3.75 M NaMnO4

0.002 M
0.005 M
0.010 M

0.0013 M
0.0065 M
0.013 M

0.3 mL
0.8 mL
1.5 mL

0.02 mL (to 60 mL)
0.1 mL (to 60 mL)
0.2 mL (to 60 mL)

2.94 M HCOONa 0.009 M
0.015 M
0.020 M
0.030 M
0.040 M

0.4 mL
0.35 mL (to 60 mL)
0.4 mL (to 60 mL)
0.6 mL (to 60 mL)
0.8 mL (to 60 mL)
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>0.04 M
0.045 M

>0.8 mL (to 60 mL) **
1.8 mL

2.88 M Ca(NO3)2 0.005 M 0.5 mL (to 60 mL)

6 wt % H2O2 0.045 M 2 mL

30 wt % H2O2 0.060 M 0.54 mL total (to 60 mL)

* Small dilutions (4 vol % at most) of the salt solutions occurred due to addition of the reagents. Approximate volumes listed for test conditions are for salt simulant volumes of 115 mL or 60 mL as noted.

** Estimated to be much greater than 0.04 M formate but the concentration is not known. Enough formate was added to change the permanganate solution color from purple to brown. The sodium formate was
added in 0.01 M quantities.

Table 3-2 Experimental Design for the First Set of Tests.
Test* Simulant Addition 1 Addition 2 Addition 3 Addn. 4 Replication

Control 5.6 M Na+ - - - - 2

1 5.6 M Na+ 0.01 M Sr(NO3)2 0.01 M Mn(NO3)2 - - 1

2 5.6 M Na+ 0.01 M Sr(NO3)2 0.013 M NaMnO4 0.015 M Na
Formate

- 1

3 5.6 M Na+ 0.01 M Sr(NO3)2 0.0066 M NaMnO4 0.015 M Na
Formate

- 1

4 5.6 M Na+ 0.01 M Sr(NO3)2 0.0013 M NaMnO4 0.015 M Na
Formate

- 1

5 5.6 M Na+ 0.01 M Sr(NO3)2 0.013 M NaMnO4 0.020 M Na
Formate

- 1

6 5.6 M Na+ 0.01 M Sr(NO3)2 0.013 M NaMnO4 0.030 M Na
Formate

- 1

7 5.6 M Na+ 0.01 M Sr(NO3)2 0.013 M NaMnO4 0.040 M Na
Formate

- 1

8 5.6 M Na+ 0.01 M Sr(NO3)2 0.013 M NaMnO4 >0.040 M Na
Formate

- 1

9 5.6 M Na+ 0.005 M Sr(NO3)2 0.013 M NaMnO4 0.015 M Na
Formate

- 1

10 5.6 M Na+ 0.001 M Sr(NO3)2 0.013 M NaMnO4 0.015 M Na
Formate

- 1

11 5.6 M Na+ - - MST - 2**

12 5.6 M Na+ 0.005 M Ca(NO3)2 0.01 M Sr(NO3)2 0.013 M
NaMnO4

0.015 M Na
Formate

1

13 5.6 M Na+ 0.005 M Ca(NO3)2 0.01 M Sr(NO3)2 0.013 M
Mn(NO3)2

- 1

14 5.6 M Na+ 0.005 M Ca(NO3)2 0.01 M Sr(NO3)2 0.01 M NaMnO4 4 x 0.015 M
H2O2

2***
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* These tests were performed to determine the optimal MnO4
- concentration, the optimal reductant (as sodium formate or hydrogen peroxide) concentration, whether Ca2+ addition was required, and the optimal

seed Sr2+ concentration for Sr and actinide removal (using lower sodium formate concentrations than those tested in Table 3-3).

**Test 11 was performed with MST for comparison using target levels of 100 and 200 ppb Pu as noted.

***Test 14 was performed with a target Pu concentration of 200 ppb Pu in duplicate.

We sent all 30 minute, 2, 4, 24 and 168-hr samples for analysis by inductively-coupled argon plasma mass spectrometry (ICP-MS) for 238U, 239/240Pu and 237Np. We also
had our samples analyzed by gamma spectroscopy for 85Sr and by triphenyltrifluoroacetone (TTA) scintillation analysis for 239/240Pu. A more description of how these
analyses are typically conducted on our HLW simulant solutions is provided elsewhere.

3.2 Sample Preparation Description for the Second Set of Tests

Our second set of Mn-containing tests was performed after we had examined the analytical data from the first set of tests. From these initial tests, we determined that higher
concentrations of reductant (relative to that of the permanganate concentration) were needed for Sr and actinide removal. Therefore, we performed a second set of tests at
higher reductant concentrations.

For these studies, we made a synthetic HLW salt solution of 1.33 M NaOH, 2.6 M NaNO3, 0.43 M NaAl(OH)4, 0.34 M NaNO2, 0.52 M Na2SO4 and 0.026 M Na2CO3. We
prepared the solution under acid conditions. A Na2CO3 solution was prepared separately and pretreated with MST to remove the tramp Sr that typically originates from the
reagent grade Na2CO3. The MST was allowed to equilibrate with the Na2CO3 solution for 24 hours. The solution was then filtered to remove the MST. After the solution
was filtered it was added to the acidic starting solution. We then spiked the simulant solution with our target spike levels of 100 ppb stable Sr (with trace 85Sr), 500 ppb
37Np, 10,000 ppb 238U and 200 ppb weapons grade (WG) 239/240Pu (6 % 240Pu) and this step was followed by the addition of the 1.33 M NaOH, 0.43 M NaAl(OH)4, 0.34
M NaNO2, and 0.52 M Na2SO4. Without the removal of tramp Sr with MST prior to the addition of our target radionuclides, our solution would have had a six-fold greater
Sr concentration than that of our spiked solution. We made the lower ionic strength salt simulant solutions (listed in Table 3-3) by diluting the spiked solution with de-
ionized water as appropriate. [The measured concentrations for the radionuclides in our simulants are shown in section entitled EXPERIMENTAL DATA.]

Our tests were run in a shaken water bath using 125-mL polyethylene bottles with 115 mL of spiked salt simulant solution. A description of the tests with controls is given in
Table 3-3. The Sr(NO3)2, Ca(NO3)2, HCOONa, H2O2 and NaMnO4 stock solutions were made by dissolving the reagent grade solids in de-ionized distilled water to give
the stock solution concentrations listed in Table 3-1. We diluted the hydrogen peroxide (H2O2) solution to 5 wt % as noted. Table 3-1 also shows that addition of the stock
solutions to the salt simulants did not dilute the salt simulants beyond 4 vol %.

Our controls for the second set of tests were run as singles but analyzed in duplicate. We sampled all of the tests except 25 and 27 at 0.5, 4, 24, 96 and 168 hours. We
sampled tests 25 and 27 at 2, 4, 24, 96, and 168 hours. Our controls were samples at 0, 0.5, 4, 24, 96 and 168 hours and we analyzed the 0 and 168 h samplings. All samples
filtered with 0.45-m nylon membrane syringe filter and acidified (1:1) in 5 M trace metal grade HNO3.

All of 4, 24 and 168-hr samples were analyzed by ICP-MS for stable Sr, U, Pu and Np. We also had the samples analyzed by gamma spectroscopy for 85Sr and by TTA
extraction and scintillation analysis for 239/240Pu. The water bath temperature was maintained at 24 o C. All samples were shaken after addition except for the peroxide tests.
The samples with peroxide addition foamed after the last reagent (Addition 3 as in Table 3-1) was added. We were unable to sufficiently mix these samples or place them the
water bath until we had performed 2 hours of gently swirling the bottles from time to time. Consequently, we did not pull a 30-minute sample from these peroxide-
containing tests. Rather, we sampled the bottles after 2 hours of equilibration outside of the water bath, verified that the foaming had stopped, capped the polyethylene
bottles and then placed them in the water bath.

3.3 Sample Preparation Description for Use in Visual Observations of Sample Color Changes during Permanganate Treatment with Cold Simulants
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To examine the color changes and foaming, we prepared glass beakers with non-radioactive salt simulant (with a chemical composition similar to that used in our first two
experimental tests) and performed tests 17, 25 (in duplicate), 26 and 27 (in duplicate). Two peroxide tests were done twice so that we could examine foaming under hand
shaken and mechanically stirred conditions.

Table 3-3 The Second Set of Permanganate Optimization Tests were
Performed to Study the Effect of Ionic Strength, Reagent Order,

Reductant Choice and Seed Sr Concentration.
Test* Simulant Addition 1 Addition 2 Addition 3 Replication

Control 4.0 M Na+ - - - 1

Control 4.7 M Na+ - - - 1

Control 5.6 M Na+ - - - 1

Control 5.6 M Na+ - - - 1

15 4.0 M Na+ 0.01 M Sr(NO3)2 0.045 M Na Formate 0.01 M NaMnO4 2

16 4.7 M Na+ 0.01 M Sr(NO3)2 0.045 M Na Formate 0.01 M NaMnO4 2

17 5.6 M Na+ 0.01 M Sr(NO3)2 0.045 M Na Formate 0.01 M NaMnO4 2

18 5.6 M Na+ 0.01 M Sr(NO3)2 0.045 M Na Formate 0.005 M NaMnO4 2

19 5.6 M Na+ 0.01 M Sr(NO3)2 0.009 M Na Formate 0.002 M NaMnO4 2

20 5.6 M Na+ 0.01 M Sr(NO3)2 0.045 M Na Formate - 2

21 5.6 M Na+ 0.01 M Sr(NO3)2 0.045 M Na Formate 4 x 0.0025 M NaMnO4 2

22 5.6 M Na+ - 0.01 M NaMnO4 0.045 M Na Formate 2

23 5.6 M Na+ 0.001 M Sr(NO3)2 0.01 M NaMnO4 0.045 M Na Formate 2

24 5.6 M Na+ 0.01 M Sr(NO3)2 0.01 M NaMnO4 0.045 M Na Formate 2

25 5.6 M Na+ 0.01 M Sr(NO3)2 0.01 M NaMnO4 0.045 M H2O2 2

26 5.6 M Na+ 0.045 M Na Formate 0.01 M Sr(NO3)2 0.01 M NaMnO4 2

27 5.6 M Na+ 0.045 M H2O2 0.01 M Sr(NO3)2 0.01 M NaMnO4 2

* These tests were split into two experimental subsets because of limitations in shaker bath and hood space. A control (or controls) was run in these two subsets when appropriate. For example, the first subset of
experiments contained a 5.6 M Na+ control that applied to tests 18, 19, 20, 21, 22, 23 and 24. The second subset contained three controls (at 4.0, 4.7 and 5.6 M Na+) that applied to tests 15, 16, 17, 25, 26 and 27.

4.0 Results and Discussion

We will present a summary table of all of the results that shows the DF values that we calculated for the tests after we describe the results of the tests in detail.

4.1 Tests with 0.005 M Ca2+ Addition and Initial Mn Oxidation State: Mn(II)2+ vs. Mn(VII)O4
- at 0.01 M (each) on Sr and Actinide Decontamination

The data presented in this section are from our first set of tests as described in Section 0.
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4.1.1 Strontium

We used the 85Sr data to calculate a total Sr solution concentration of 100 mg Sr L-1 so that our Sr data from the test with MST addition (and other previous tests, e.g. Hobbs
et al. 2001) could be readily compared with Sr data from our permanganate testing. The results of our testing with Sr are shown in Figure 4-1. There was little benefit to
adding 0.005 M Ca2+ for improving Sr removal in the Mn(II) and the permanganate [MnO4

-] treatments [using a 0.015 M reductant (formate) concentration] as shown in

Figure 4-1. This suggests the dissolved Sr in our simulant was not strongly complexed and that our treatment does not require Ca2+ to disassociate Sr2+ complexes as with
Hanford HLW testing.

There were slight differences between the behavior of Mn(II)2+ and Mn(VII)O4
- (permanganate) on Sr removal in the tests. Addition of Mn(II) instead of permanganate was

more effective at short equilibration periods (i.e., 30 minutes) than the permanganate treatments. However, we observed that our permanganate treatment without 0.005 M
Ca2+ was more effective at Sr removal after two hours of equilibration (at the 0.015 M formate concentration) than in our two Mn(II) tests and the permanganate test with
0.005 M Ca2+(Figure 4-1). After the 2-hour sampling, the dissolved Sr concentrations in all the tests increased slightly at 4 hours (Figure 4-1). After 4 hours, the dissolved
Sr concentrations for all of the Mn-containing treatments decreased and the Sr levels were consistently lower than that of the MST addition test (Figure 4-1).

The feed solution limit for 90Sr to the Saltstone (Z-Area) Facility is 40 nCi g-1. We converted the activity limit for 90Sr to two total mass concentration bases at 45 atom %
90Sr and 5.2 atom % 90Sr as described in Hobbs et al. (2001)., After 30 minutes, the Saltstone process limit or WAC of 6.8 mg Sr L-1 for 90Sr (at 5.2 atom %) was met in all
treatments at all sampling times with the exception of the 4-hour equilibration with permanganate and 0.005 M Ca2+. The WAC of 0.79 mg Sr L-1 (for 90Sr at 45 atom. %)
was only met in the Mn(II) treatments (with and without Ca2+ addition) at 30 minutes of equilibration.

4.1.2 Plutonium

Our tests show that Pu decontamination in the permanganate tests was negatively effected by 0.005 M Ca2+ addition [at a 0.015 M formate concentration] as shown in
Figure 4-2. This may be due to potential competition of Ca2+ with Pu for the Mn-oxide solid that was formed upon precipitation. Our Pu DF in this treatment was greatest
after 4 hours. After 4 hours, the Pu concentrations increased with time from 2.4 mg Pu L-1 to 14 mg L-1 (at 168 hours). After 30 minutes, these two permanganate [Mn(VII)]
treatments met the Saltstone WAC (assuming a total alpha activity based on WG Pu isotopics) of 42 mg L-1. However, these two treatments did not meet the Saltstone WAC
for a total alpha activity based on Heat Source (HS) Pu (1.7 mg L-1). The Mn(II) treatments (with and without Ca2+) performed similarly to that of the MST, but these
treatments were less effective at Pu decontamination than the permanganate tests (Figure 4-2).
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Figure 4-1 Effect of Ca2+ Addition and Initial Mn
Oxidation State on Sr2+ Removal in SRS HLW Simulant.
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Figure 4-2 Effect of Ca2+ Addition and Initial Mn Oxidation
State on Pu Removal in SRS HLW Simulant�PuTTA Data.

4.1.3 Uranium

The ICP-MS data for U in the control tests indicate that a loss of U from solution (either from precipitation or sorption to container walls) had occurred during the 2- through
24-hour samplings (Figure 4-3). Because of the lower levels measured by ICP-MS, the values for our tests were corrected to account for the lower ICP-MS sensitivity by
multiplying the test values by the percent loss of U in the control. The corrected U data for the Ca2+ addition with Mn(II) or permanganate test are presented in Figure 4-4.

Figure 4-4 shows that the MST performed similarly to the two Mn(II) treatments with and without Ca2+ addition. Our permanganate treatments had better U
decontamination than the Mn(II) and MST treatments in the absence of Ca2+. Our two permanganate-containing tests (with and without Ca2+ addition) had slight decreases
in DF after the 24-hour sampling indicating U uptake was somewhat reversible over time in our simulants. The DF for the two Mn(II) tests remained fairly constant
throughout the 168-hour study. There is no WAC limit of concern for U in these tanks because the alpha activity of U in the SRS waste is negligible in comparison to that of
Pu and Np.

4.1.4 Neptunium

The ICP-MS data for Np in the control tests indicate that a loss of Np from solution (either from precipitation or sorption to container walls) had occurred during the 2-
through 24-hour samplings (Figure 4-5). We corrected these values as discussed for U in Section 4.1.3. The corrected ICP-MS data for Np are shown in Figure 4-6.

Figure 4-6 shows that the MST addition performed slightly better with Np than the two Mn(II) treatments (with and without Ca2+ addition). Our test with MST continued to
remove Np throughout the study whereas the permanganate tests did not. The dissolved Np levels in the permanganate tests increased after the 24-hour sampling. The
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dissolved Np levels for our two Mn(II) tests were nearly constant throughout the 30 minute and 24 hour samplings and they decreased slightly after 168 hours.

In general, our two permanganate treatments had faster Np decontamination than the MST treatments and the Mn(II) treatments, particularly in the absence of Ca2+. In the
absence of Ca2+, the permanganate-containing test had a much lower Np concentration (with a DF near 1.6) after 30 minutes (relative to the other treatments) indicating that
removal was more rapid with this treatment than with the other treatments. This Np treatment met the Saltstone WAC of 53 mg 237Np L-1 by 24 hours.

Figure 4-3 Effect of Ca2+ Addition and Initial Mn Oxidation
State on U Removal in SRS HLW Simulant�Uncorrected.
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Figure 4-4 Effect of Ca2+ Addition and Initial Mn Oxidation
State on U Removal in SRS HLW Simulant�Corrected.
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Figure 4-5 Effect of Ca2+ Addition and Initial Mn Oxidation
State on Np Removal in SRS HLW Simulant�Uncorrected.
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Figure 4-6 Effect of Ca2+ Addition and Initial Mn Oxidation
State on Np Removal in SRS HLW Simulant�Corrected.

4.2 Use of H2O2 (at >0.06 M) as a Reductant with 0.01 M Permanganate Treatment vs. MST Addition (Only)

The data presented in this section are from our first set of tests as described in Section 0. The large error in the actinide data for this set of tests is most likely is due to the
fact that we added slightly different peroxide amounts to insure the Mn(VII) we added became reduced (i.e., until a color change occurred).

4.2.1 Strontium

The 85Sr data for our spiked control solution was used to calculate a total Sr solution concentration of 100 mg Sr L-1 so that the Sr data for the test with MST addition could
be readily compared with Sr data from our permanganate testing as shown in Figure 4-7.

The Saltstone WAC for Sr (at 5.2 atom % of 90Sr) of 6.8 mg Sr L-1 was met in all of the treatments at all sampling times (Figure 4-7)., Additionally, all of our tests closely
approached the lower WAC for Sr (for 45 atom. % of 90Sr) of 0.79 mg Sr L-1. Our data indicate that the MST addition and permanganate treatment (using >0.06 M peroxide,
added sequentially) have similar and rapid removal kinetics. The Sr removal under all of these conditions was not reversible in these solutions throughout the 168-hour
study.

4.2.2 Plutonium

For Pu, our studies show that the permanganate treatment with peroxide as the reductant has faster removal kinetics than that of MST addition (Figure 4-8). Our
permanganate test with peroxide met the WAC for WG Pu within 1 hour of equilibration whereas the tests with MST addition did not approach the WAC for WG Pu until
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after 4 hours of equilibration. These two types of treatment had nearly the same amount of Pu removal after 168 hours and neither treatment met the WAC for HS Pu (Figure
4-8).

Figure 4-7 Permanganate Treatment with Peroxide Versus
MST Addition on Sr Rremoval in SRS HLW Simulant.
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Figure 4-8 Permanganate Treatment with Peroxide Versus
MST Addition on Pu Removal in SRS HLW Simulant.

4.2.3 Uranium

At 60 minutes and 24 hours of equilibration, our treatments with permanganate and peroxide (as a reductant) were more effective at U removal than that of MST addition
(Figure 4-9). For example, nearly half of the U was removed from solution by permanganate treatment and roughly a tenth of the U was removed by MST addition during
these 60-minute and 24-hour sampling periods. However, our data indicate removal of U by permanganate treatment was reversible in that after 168 hours, the U levels in
solution were comparable to that defined with MST (Figure 4-9).

4.2.4 Neptunium

Our ICP-MS data indicate faster Np removal in the permanganate treatment with peroxide as a reductant than with MST addition (Figure 4-10). The dissolved Np levels in
the permang-anate test indicate that the Saltstone WAC of 53 mg Np L-1 was met after 60 minutes of equilibration and the levels of Np in this treatment remained lower than
the WAC between 60 minutes and 4 hours and then increased with time to roughly 100 mg Np L-1 after 168 hours of equilibration. In contrast, the test with MST addition
had slower removal kinetics but the Np level in the tests met the WAC after 168 hours of treatment with MST (Figure 4-10).
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Figure 4-9 Permanganate Treatment with Peroxide Versus
MST Addition on U Removal in SRS HLW Simulant.
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Figure 4-10 Permanganate Treatment with Peroxide Versus
MST Addition on Np Removal in SRS HLW Simulant.

4.3 Effect of Reagent Order and Reductant Choice with 0.01 M Permanganate

The data presented in this section are from our second set of tests as described in Section 3.2.

4.3.1 Strontium

We added several sources of Sr to our HLW simulant, which made our assessment of Sr removal complex. We added 0.01 M of stable seed Sr(NO3)2 (containing 84, 86, 87,

88Sr) to these tests and our simulants contained 600 mg L-1 of (tramp) stable Sr. Additionally, our 85Sr spike solution contained an element of mass 84, which was probably
84Rb (84Rb is the parent isotope or source material used to make the 85Sr that we used as our spike). This solution was fresh and contained more 84Rb than the 85Sr used in
our first set of experiments in Section 3.1. Therefore, we could not make reliable total (stable) Sr determinations by ICP-MS analyses as in the first study. We made an
approximation of Sr decontamination by examining the loss of 85Sr from our test solutions because this form of Sr was readily traceable.

In our simulant tests, 85Sr removal was generally unaffected by reagent order (Figure 4-11) and all of our treatments resulted in Sr DF values of 6.5 or less. Our
permanganate tests with formate as a reductant show that treatment with formate may be slightly faster at Sr removal than treatment with peroxide as a reductant (Figure 4-
11).

We defined what the Saltstone WAC would be based on a starting Sr level in our salt solutions of 600 mg Sr L-1. To meet the Saltstone WAC (at 5.2 atom % 90Sr, which is
6.8 mg total Sr L-1), we would need to have nearly a 100-fold a reduction in the 85Sr level (of 1.3 ng L-1). To meet the Saltstone limit for 45 atom % 90Sr (as a worst case
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scenario of 0.79 mg total Sr L-1), the 85Sr level in our solutions would also need to be reduced by nearly 800 fold. Our calculated level for the Saltstone WAC (assuming 5.2
atom % 90Sr) is shown as a dashed line on Figure 4-11. All of our formate treatments met the WAC for 5.2 atom % 90Sr after 30 minutes of equilibration. At 4 hours, the
85Sr levels in the formate treatments approximated the Saltstone WAC for 45 atom % 90Sr (Figure 4-11). In all treatments, Sr removal increased with time indicating
removal was irreversible throughout our 168-hour study.

4.3.2 Plutonium

Figures 4-12 and 4-13 show the results of the Pu-TTA and Pu ICP-MS analyses for our permanganate tests that examined reagent order and reductant choice with
permanganate treatment. In general, the two Pu analyses yielded similar data. However, the ICP-MS data for the 24 hour samplings were typically a few mg L-1 lower than
that of our Pu-TTA data.

Our tests showed that Pu removal was faster in the salt solutions that received peroxide instead of formate as the reductant at permanganate levels of 0.01 M. The Pu
removal was not strongly affected by reagent order (Figure 4-12 and Figure 4-13). The Saltstone WAC for Pu at WG isotopic abundance was met by all treatments with
peroxide as the reductant between sampled at 4 and 168 hours whereas the Pu levels with formate only met the WAC after 168 hours of equilibration. Clearly, greater
removal occurs in the permanganate tests when peroxide is used as the reductant.

Figure 4-11 Effect of Reagent Order and Reductant
Choice on 85Sr Removal in SRS HLW Simulant.
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Figure 4-12 Effect of Reagent Order and Reductant
Choice on Pu Removal in SRS HLW Simulant�Pu TTA Data.

4.3.3 Uranium

Our studies with U show that there was an affect of reagent order and reductant choice on U removal from the salt simulants (see Figure 4-14). In general, U removal was
low when formate was added after the addition of 0.01 M Sr and when formate was added before the addition of permanganate. Our treatments with peroxide first, seed Sr
second and permanganate last had a rapid and substantial loss of dissolved U after 30 minutes (Figure 4-14) in that nearly half of the initial U level remained in solution.
When peroxide was added last, U removal was comparable to tests in which formate was added before or after permanganate (Figure 4-14). The levels of U in these
solutions (regardless of whether formate or peroxide was added) were similar at 24 hours. The levels of U in all of our tests increased after 168 hours suggesting that U
removal was reversible. There is no WAC concern for U in these tanks because the alpha activity of U in the SRS waste was much lower than that of Pu and Np.

The treatments with peroxide added first may have promoted reduction of U(VI) to the less soluble U(IV) species because of the absence of permanganate ion, which is
likely to be more competitive for peroxide than U(VI). If this reduction of U(VI) occurs, it appears to be reversible as evidenced by the increase in dissolved U concentration
with time.

4.3.4 Neptunium

Our tests show that Np removal was greater when peroxide was added as a reductant than when formate was added as a reductant (Figure 4-15). When peroxide was added
prior to permanganate, Np removal was greater than when peroxide was added after permanganate at 30 minutes. The peroxide (added) first treatment met the Saltstone
WAC of 53 mg Np L-1 but only during the first 4 hours. After that period, none of our tests shown in Figure 4-15 met the Saltstone PL. The treatments with peroxide added
may have promoted reduction of Np(V) to the less soluble Np(IV) species (although permanganate might be more competitive for peroxide than Np). If this reduction of
Np(V) occurs, it appears to be reversible as evidenced by the increase in dissolved Np concentrations with time.
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Figure 4-13 Effect of Reagent Order and Reductant
Choice on Pu Removal in SRS HLW Simulant�ICP-MS Data.
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Figure 4-14 Effect of Reagent Order and Reductant
Choice on U Removal in SRS HLW Simulant.

4.3.5 Stable Strontium

Our 85Sr spike contained some 84Rb and the 84Rb concentration varied from solution to solution. Our 85Sr spike also contained an isotopic distribution of Sr (assuming the
masses of 86, 87 and 89 were due to Sr). These observations complicated our ability to quantify the total (stable) Sr in our samples based on the assumption of a natural
distribution of stable isotopes of Sr. Therefore, we only reported the ICP-MS values for elements with masses of 86, 87 and 89 (i.e., the most common Sr isotopes). This
assumption includes nearly all of the stable Sr in our samples because 84Sr is at a low natural abundance of 0.56 atom %.
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The concentration of seed Sr (0.01 M Sr) that we originally added was ~900,000 g Sr L-1 and this Sr level far exceeded the levels that we typically observe for dissolved
Sr in HLW salt solutions. Therefore, we expected a decrease in the stable Sr concentrations over time due to precipitation and removal of Sr from solution (as in Figure 4-
16).

The stable Sr concentrations in our tests were higher in the tests that contained peroxide than in the tests with formate (Figure 4-16). This suggests that there was an
influence of formate on precipitation. The greater rate of Sr removal may be due to decomposition of formate to CO2 and H2. Evolution of CO2 from formate decomposition
may have increased the carbonate concentrations in solution to levels that were higher than those likely to occurred in the peroxide treatments and thus favored SrCO3(s)
precipitation. [SrCO3(s) precipitation has been observed in studies with Hanford HLW simulant waste]. The low initial levels of carbonate ion (0.026 M) in our salt simulant
may have not been high enough to promote SrCO3(s) precipitation. After 168 hours of equilibration, the Sr levels in all of the test solutions were below 20,000 g L-1

indicating a substantial amount of Sr precipitation (as possibly as SrCO3(s) phase) occurred in these treatments.

Figure 4-15 Effect of Reagent Order and Reductant
Choice on Np Removal in SRS HLW Simulant.
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Figure 4-16 Effect of Reagent Order and Reductant
Choice on Stable Sr Concentration in SRS HLW Simulant.

4.4 Effect of Reductant Concentration at 0.013 M Permanganate Concentration

The data presented in this section are from our first set of tests as described in Section 0.

4.4.1 Strontium

The results of our tests that examined the effect of formate concentration at 0.013 M permanganate and 0.01 M Sr concentrations are shown in Figure 4-17. Our tests show
that Sr removal was generally unaffected by formate concentration. Loss of Sr was slightly greater in the high formate treatments, but these differences were within the error

5/10/24, 2:56 PM Permanganate Treatment Optimization Studies for Strontium and Actinide Removal from High Level Waste Simulants

https://sti.srs.gov/fulltext/tr2002027/tr2002027.html 25/90



of the measurements (Figure 4-17). Almost all of the tests met the Saltstone WAC for 5.2 atom % 90Sr and several of the tests with >0.04 M formate met the Saltstone WAC
for 45 atom % 90Sr at 30 minutes, 24 and 168 hours (Figure 4-17).

4.4.2 Plutonium

Our tests show that Pu removal was faster in the salt solutions that received high formate concentrations (at permanganate levels of 0.013 M) than with solutions that
received lower formate concentrations (Figure 4-18). The Saltstone WAC for Pu at WG abundance was met in all of our >0.04 M formate treatments and in all of our 0.04
M formate treatments between 2 and 168 h of equilibration. The dissolved Pu concentrations in the solutions that received > 0.04 M formate decreased after 4 hours
indicating that Pu removal was reversible (Figure 4-18). The results indicate that reductant (formate) levels should be higher than 0.04 M to meet WACs within the first few
hours of equilibration.

4.4.3 Uranium

Our tests show that U removal was faster in the salt solutions that received high formate (>0.04 M) concentrations at permanganate levels of 0.013 M than with solutions
that received lower formate concentrations (Figure 4-19). Our studies show that U removal was greatest after 24 hours but that U removal was reversible because the U
levels increased to levels greater than that of the control U concentrations after 168 hours of equilibration.

4.4.4 Neptunium

Our studies show that Np removal was also influenced by formate concentration. Neptunium removal rates were much greater in the salt solutions that received high formate
(>0.04 M) concentrations at permanganate levels of 0.013 M than in salt solutions that received lower formate concentrations at similar permanganate levels (Figure 4-20).
At lower formate levels, there was a slight correlation of formate concentration with Np removal. Our studies show that Np removal was greatest after 24 hours and this
treatment met the Saltstone WAC for 237Np. The removal of Np in our tests was slightly reversible because the Np levels increased somewhat after 168 hours of
equilibration (Figure 4-20).
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Figure 4-17 Effect of Reductant Concentration with 0.013 M
Permanganate on Sr Removal in SRS HLW Simulant�ICP-MS Data.
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Figure 4-18 Effect of Reductant Concentration with 0.013 M
Permanganate on Pu Removal in SRS HLW Simulant�PuTTA Data.
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Figure 4-19 Effect of Reductant Concentration with 0.013 M
Permanganate on U Removal in SRS HLW Simulant.
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Figure 4-20 Effect of Reductant Concentration with 0.013 M
Permanganate on Np Removal in SRS HLW Simulant.

4.5 Effect of Permanganate Concentration at 0.015 M Formate Concentration

The data presented in this section are from our first set of tests as described in Section 0.

4.5.1 Strontium

The results of our tests that examined the effect of permanganate ion concentration at 0.015 M formate are shown in Figure 4-21. Our tests show that Sr removal was related
to permanganate concentration between 30 minutes and 4 hours of equilibration and both of these treatments met the Saltstone WAC for 5.2 atom % 90Sr (of 6.8 mg Sr L-1).
Our tests showed that Sr concentrations increased in the high permanganate treatment (0.013 M) and after 4 hours the Sr levels exceeded the Saltstone WAC for 5.2 atom %
90Sr (Figure 4-21). The test with 0.0013 M permanganate met the Saltstone WAC for 45 atom. % 90Sr after 168 hours.

4.5.2 Plutonium

Our tests with Pu show that Pu removal was not strongly related to permanganate concentration (Figure 4-22) due to the low levels of formate that were added. Treatments
with high permanganate levels did not have enough formate to facilitate reduction of Mn(VII) and precipitation of all of the added Mn(VII) as a Mn(III, IV) oxide phases.
Our treatment with 0.0013 M and 0.0065 M permanganate and 0.015 M formate almost met the Saltstone WAC for Pu with WG isotopics after 168 hours of equilibration
(Figure 4-22). The removal of Pu from solution was slow and it continued between 2 and 168 hours indicating that the decontamination process was not reversible during
these time periods. Little removal of Pu was observed in the 0.013 M permanganate treatment.
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4.5.3 Uranium

Our tests show that U removal was greater than the control and the 0.0013 M permanganate test when the permanganate concentration was 0.065 M and 0.013 M (Figure 4-
23). Our studies show that the U concentrations in the 0.0013 M permanganate treatment were often higher than our control (Figure 4-23) suggesting that some loss of U
occurred in the control during our tests.

4.5.4 Neptunium

The removal of Np from our solutions was not influenced by permanganate concentration in at 0.015 M formate concentrations and none of our treatments met the Saltstone
limit for Np (Figure 4-24).

Figure 4-21 Effect of Permanganate Concentration with 0.015 M
Formate on Sr Removal in SRS HLW Simulant�ICP-MS Data.
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Figure 4-22 Effect of Permanganate Concentration with 0.015 M
Formate on Pu Removal in SRS HLW Simulant�PuTTA Data.
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Figure 4-23 Effect of Permanganate Concentration with
0.015 M Formate on U Removal in SRS HLW Simulant.
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Figure 4-24 Effect of Permanganate Concentration with
0.015 M Formate on Np Removal in SRS HLW Simulant.

4.6 Effect of Permanganate Concentration and Permanganate Addition (Sequential vs. Single) at 0.045 M Formate Concentration

The data presented in this section are from our second set of tests as described in Section 0

4.6.1 Strontium

As previously mentioned, we added several sources of Sr to our HLW simulant, which made our assessment of Sr removal based on total Sr complex. We could not make
reliable total (stable) Sr determinations by ICP-MS analyses as in our first set of experimental tests as listed in Section 3.1. Therefore, we made an approximation of Sr
decontamination by examining the loss of 85Sr from our test solutions because this form of Sr was readily traceable.

In our simulant tests with formate as the sole reductant, 85Sr removal was greatest in the treatments with the highest permanganate levels (at 0.01 M permanganate as shown
in Figure 4-25). Additionally Sr removal was high in these treatments regardless of addition method [i.e., whether the permanganate was added in a single addition or in
four smaller (sequential) additions]. These 0.01 M permanganate treatments met the Saltstone WAC for 5.2 atom % 90Sr and 45 atom % 90Sr (as a worst case scenario) after
24 hours. Our calculated level for the Saltstone WAC (assuming 5.2 atom % 90Sr) is shown as a dashed line on Figure 4-25.

4.6.2 Plutonium
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Figures 4-26 and 4-27 show the results of the Pu-TTA and Pu ICP-MS analyses for the permanganate tests that examined reagent order and reductant choice. In general, our
two methods of Pu analyses yielded similar values for dissolved Pu in our tests.

Our tests show that Pu removal was faster in the salt solutions that received sequential additions of permanganate at formate levels of 0.045 M than in salt solutions that
received single additions of permanganate at 0.045 M formate concentrations (Figure 4-26 and Figure 4-27). After 4 h of equilibration, our treatments with sequential
permanganate addition met the Saltstone limits for Pu at WG isotopic abundance and approached the Saltstone limits for Pu at HS isotopic abundance. Additionally, the low
levels of Pu that occurred with sequential permanganate additions persisted after 168 hours of equilibration indicating that the Pu removal process was not reversible during
our experimental study period.

Sequential addition may be more effective due to better mixing and several small additions of permanganate may promote the formation of a more crystalline or more
ordered Mn oxide phase.

Figure 4-25 Effect of Permanganate Concentration and
Permanganate Addition Method on 85Sr Removal in SRS HLW Simulant.
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Figure 4-26 Effect of Permanganate Concentration and Permanganate
Addition Method on Pu Removal in SRS HLW Simulant�Pu TTA Data.

4.6.3 Uranium

Our studies with U show there was little effect of permanganate concentration and permanganate addition method on U removal from the salt simulants at 0.045 M formate
levels (see Figure 4-28). In general, U removal was low regardless of treatment condition for all sampling periods. The tests had similar U concentrations to that of the
control studies.

4.6.4 Neptunium

Our tests show that Np removal was slightly faster in the salt solutions that received sequential or single additions of permanganate (with a total addition of 0.01 M
permanganate) at formate levels of 0.045 M than in salt solutions that received lower levels of permanganate at similar formate concentrations (Figure 4-29). Our treatments
with sequential permanganate addition proved comparable to single permanganate additions. Our data indicate that Np removal increased with time but none of our
treatments met the Saltstone limits for Np during the 168-hour study (Figure 4-29).

4.6.5 Stable Strontium

As previously mentioned, the concentration of seed Sr (0.01 M Sr) that we added (~900,000 mg Sr L-1) far exceeded dissolved Sr levels that are typically observed in HLW
salt solutions. Therefore, we expected to see a substantial decrease in the stable Sr concentrations over time due to precipitation and removal of the seed Sr from solution (as
in Figure 4-30).

5/10/24, 2:56 PM Permanganate Treatment Optimization Studies for Strontium and Actinide Removal from High Level Waste Simulants

https://sti.srs.gov/fulltext/tr2002027/tr2002027.html 36/90



The stable Sr concentrations in our tests were higher in the tests that contained no permanganate than in the tests which did (Figure 4-30). Our observations suggest that
there may be a synergistic influence of permanganate on Sr precipitation in the presence of formate (as opposed to peroxide) as a reductant. The greater rate of Sr removal in
the presence of permanganate may be due to decomposition of formate to CO2 and H2, which may be facilitated by a redox reaction with the permanganate ion. Evolution of
CO2 from formate decomposition may have increased the carbonate levels in solution to levels that were higher than that of the peroxide treatments and thus SrCO3(s)
precipitation became favored. The low levels of carbonate ion (0.026 M) in our salt simulant may have been too low to favor rapid (or any) SrCO3(s) precipitation. After 168

hours of equilibration, the Sr levels in all of the test solutions were less than 20,000 mg L-1 indicating a substantial amount of Sr precipitation (as possibly a SrCO3(s) or a Sr
hydroxide phase) occurred in these treatments (Figure 4-30).

Figure 4-27 Effect of Permanganate Concentration and Permanganate
Addition Method on Pu Removal in SRS HLW Simulant�ICP-MS Data.
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Figure 4-28 Effect of Permanganate Concentration and
Permanganate Addition Method on U Removal in SRS HLW Simulant.
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Figure 4-29 Effect of Permanganate Concentration and
Permanganate Addition Method on Np Removal in SRS HLW Simulant.
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Figure 4-30 Effect of Permanganate Concentration and Permanganate
Addition Method on Stable Sr Concentration in SRS HLW Simulant.

4.7 Effect of Strontium Seed Concentration at 0.013 M Permanganate and 0.015 M Formate Concentration

The data presented in this section are from our first set of tests as described in Section 0.

4.7.1 Strontium

The results of our tests that examined the effect of seed Sr concentration at 0.013 M permanganate and 0.015 M formate on Sr removal are shown in Figure 4-31. Our tests
show that Sr removal was generally greater at low seed Sr concentrations (Figure 4-31). Our results indicate that the Sr levels at all sampling times (except at 24 hours) for
the 0.001 M seed Sr test met the Saltstone WAC for Sr at 5.2 atom % 90Sr and Sr at 45 atom % 90Sr (Figure 4-31). The Sr levels in our tests with higher seed Sr levels of
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0.005 M Sr met Saltstone WAC for Sr at 5.2 atom % 90Sr at 30 minutes, 2, 24 and 168 hours. These data indicate that seed Sr may not be required for Sr removal in our SRS
HLW salt simulants. If there was considerable formate decomposition (and production of CO2), it is likely that the Sr was removed via precipitation as SrCO3(s). It was also

possible that the Sr2+ was removed from solution by the Mn-oxide phase that precipitated during the study.

4.7.2 Plutonium

Our data for dissolved Pu in the tests that examined the effect of seed Sr concentration at 0.013 M permanganate and 0.015 M formate concentrations are shown in Figure 4-
32. The data indicate that there was no influence of seed Sr concentration under these conditions (i.e., at low formate levels of 0.015 M). Additionally, the dissolved Pu
concentrations in our treatments resembled that of the control throughout the study period (Figure 4-32). Decomposition of formate to yield CO3 ion and subsequent
precipitation of SrCO3 may also involve the co-precipitation of Pu with SrCO3.

4.7.3 Uranium

In contrast to our Pu studies with variable seed Sr concentrations (in Section 0), U removal was greater in the presence of high seed Sr. Our observations suggest that during
the precipitation of Sr, U may have been incorporated with the precipitating Sr phase and removed from solution (Figure 4-33).

4.7.4 Neptunium

Our studies indicate that there was a slight effect of seed Sr concentration on Np removal at 0.013 M permanganate and 0.015 M formate levels (Figure 4-34). However,
none of these treatments shown had significant Np removal and they did not meet the Saltstone limit for Np.

Figure 4-31 Effect of Seed Sr Concentration on Stable Sr Removal at
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0.013 M Permanganate and 0.015 M Formate in SRS HLW Simulant.

 

Figure 4-32 Effect of Seed Sr Concentration on Pu Removal at 0.013 M
Permanganate and 0.015 M Formate in SRS HLW Simulant�PuTTA Data.
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Figure 4-33 Effect of Seed Sr Concentration on U Removal at 0.013 M
Permanganate and 0.015 M Formate in SRS HLW Simulant.
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Figure 4-34 Effect of Seed Sr Concentration on Np Removal at
0.013 M Permanganate and 0.015 M formate in SRS HLW Simulant.

4.8 Effect of Strontium Seed Concentration at 0.01 M Permanganate and 0.045 M Formate Concentrations

The data presented in this section are from our second set of tests as described in Section 3.2.

4.8.1 Strontium

The results of our tests that examined the effect of seed Sr concentration at 0.01 M permanganate treatment and 0.045 M formate are shown in Figure 4-35. Our tests show
that Sr removal was generally greater at low seed Sr concentration (Figure 4-35). Our results indicate that the Sr levels at all sampling times met the Saltstone WAC for Sr at
5.2 atom. % 90Sr (Figure 4-35). The Sr levels in tests with little (0.001 M Sr) or no seed Sr met the Saltstone limits for Sr at 45 atom % 90Sr at all sampling times. These
data indicate that seed Sr was not required for the removal of Sr in our SRS HLW salt simulants.

4.8.2 Plutonium

Figures 4-36 and 4-37 show the results of the Pu-TTA and Pu ICP-MS analyses for the permanganate tests that examined the influence of seed Sr on Pu removal. In general,
the two Pu analyses yielded similar data. However, our ICP-MS data for the 24-hour samplings were typically a few mg L-1 lower than that of our Pu-TTA data.

Our data on Pu for the tests that examined the effect of seed Sr concentration at 0.01 M permanganate and 0.045 M formate are shown in Figures 4-36 and 4-37. The data
indicate that there was a positive influence of seed Sr concentration on Pu removal at high seed Sr levels. Our treatment with 0.01 M seed Sr was the only one in this set of
tests that met the Saltstone limit for WG Pu isotopics and this occurred after one week (based on the Pu-TTA data) or 24 hours (based on the ICP-MS data) of equilibration
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(Figures 4-36 and 4-37). Removal of Pu by CaCO3 has been observed under near neutral pH conditions. By analogy, Pu may also become structurally incorporated (co-
precipitated) in the SrCO3 because similarities exist between the ionic radii of the cations occupy in the structures of SrCO3 and CaCO3.

4.8.3 Uranium

Our studies show that U removal from solution was greater in the presence of high Sr (0.01 M) and 0.45 M formate suggesting that the precipitating Sr may be incorporating
(i.e., co-precipitating with) U and removing it from solution Figure 4-38. Removal of U was reversible in this high Sr treatment.

4.8.4 Neptunium

Our studies indicate that there was a slight effect of seed Sr concentration on Np removal (Figure 4-39). However, none of these treatments shown had significant Np
removal or met the Saltstone limit for Np.

Figure 4-35 Effect of Seed Sr Concentration at 0.01 M Permanganate and
0.045 M Formate on 85Sr Removal in SRS HLW Simulant.
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Figure 4-36 Effect of Seed Sr Concentration at 0.01 M Permanganate and
0.045 M Formate on Pu Removal in SRS HLW Simulant�PuTTA Data.
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Figure 4-37 Effect of Seed Sr Concentration at 0.01 M Permanganate and
0.045 M Formate on Pu Removal in SRS HLW Simulant�ICP-MS Data.
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Figure 4-38 Effect of Seed Sr Concentration at 0.01 M
Permanganate and 0.045 M Formate on U Removal in SRS HLW Simulant.

4.8.5 Stable Strontium

Our studies show that precipitation of seed Sr was slower for the tests with high seed Sr levels, which was what we had expected (Figure 4-40).
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Figure 4-39 Effect of Seed Sr Concentration at 0.01 M
Permanganate and 0.045 M Formate on Np Removal in SRS HLW Simulant.
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Figure 4-40 Effect of Seed Sr Concentration at 0.01 M Permanganate and
0.045 M Formate on Stable Sr Concentration in SRS HLW Simulant.

4.9 Effect of Ionic Strength (i.e., Na+ Concentration) at 0.01 M Permanganate Concentration and 0.045 M Formate Concentration

The data presented in this section are from the first set of tests as described in Section 2.2.

4.9.1 Strontium

The results of our tests that examined the effect of ionic strength at 0.01 M permanganate treatment and 0.045 M formate are shown in Figure 4-41. Our tests show that Sr
removal was generally unaffected by ionic strength (Figure 4-41). These results are somewhat consistent with our studies at 0.013 M permanganate and 0.015 M formate as
previously discussed. Our results indicate that the Sr levels at all sampling times and ionic strengths met the Saltstone WACs for Sr at 5.2 atom % 90Sr (Figure 4-41). Our
data indicate that Sr removal was not greatly subject to changes in ionic strength within the study range of 4.0 to 5.6 M Na+ and that Sr removal was not reversible during
the 168 h period of our study.

4.9.2 Plutonium

Figures 4-42 and 4-43 show the results of the Pu-TTA and Pu ICP-MS analyses for the permanganate tests that examined reagent order and reductant choice. In general, the
two Pu analyses yielded similar data.
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Our data on Pu for the tests that examined the influence of ionic strength at 0.01 M permanganate and 0.045 M formate are shown in Figures 4-42 and 4-43. Our data
indicate that there was a small influence of ionic strength on Pu removal in that there was greater Pu removal at lower ionic strength than at high ionic strength. Our
treatments with 4.0 and 4.7 M Na+ met the Saltstone limit for Pu at WG isotopics and this occurred after 4 hours of equilibration (Figures 4-42 and 4-43).

4.9.3 Uranium

Our studies show that U removal from solution was greater at lower ionic strength suggesting that there may been some influence of ionic strength on the precipitating Mn-
oxide phases in these solutions (Figure 4-44).

Figure 4-41 Effect of Ionic Strength at 0.01 M Permanganate and
0.045 M Formate on 85Sr Removal in SRS HLW Simulant.
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Figure 4-42 Effect of Ionic Strength at 0.01 M Permanganate and
0.045 M Formate on Pu Removal in SRS HLW Simulant�PuTTA Data.
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Figure 4-43 Effect of Ionic strength at 0.01 M Permanganate and
0.045 M Formate on Pu Removal in SRS HLW Simulant-ICP-MS Data.
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Figure 4-44 Effect of Ionic Strength at 0.01 M Permanganate and
0.045 M Formate on U Removal in SRS HLW Simulant.

4.9.4 Neptunium

As in our studies with Pu and U, Np removal from solution was somewhat greater at lower ionic strength (Figure 4-45) than at the higher ionic strength. However, none of
these treatments shown had significant Np removal or met the Saltstone limit for Np.

4.9.5 Stable Strontium

Our tests show that precipitation of the seed Sr from the salt solutions was not affected strongly by ionic strength (Figure 4-46).
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Figure 4-45 Effect of Ionic Strength at 0.01 M Permanganate and
0.045 M Formate on Np Removal in SRS HLW Simulant.
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Figure 4-46 Effect of Ionic Strength at 0.01 M Permanganate and
0.045 M Formate on Stable Sr Concentration in SRS HLW Simulant.

4.10 Decontamination Factors for All Tests

We tabulated the DF values for the tests as shown in Table 4-1. This table is for comparative purposes with MST and with data that has been represented in a similar manner
in previous reports [Hobbs et al. (2000) and ref. therein]., One must use caution when comparing these data because the DF values are a function of the initial (spiked) Sr or
actinide concentration in the salt solution. The starting Pu concentration in the experiments shown here were either 100 or 200 ppb Pu�as noted.

For Sr, tests that had DF values of greater than ~15 met the Saltstone WAC for 5.2 atom. 90Sr whereas the DF values required for meeting the Saltstone WAC for 45 atom.
90Sr needed to be greater than ~127. For Pu, tests having initial Pu levels of 200 ppb that had DF values of greater than ~5 met the Saltstone WAC for WG Pu whereas the
DF values required for meeting the Saltstone WAC for HS Pu needed to be greater than ~120. For Pu, tests having initial Pu levels of 100 ppb that had DF values of greater
than ~25 met the Saltstone WAC for WG Pu whereas the DF values required for meeting the Saltstone WAC for HS Pu needed to be greater than ~60. For Np, tests with DF
values of ~9.5 or greater met the Saltstone WAC for 237Np.

Strontium removal was greatest in the treatments without seed Sr addition and our DF values for these two tests far exceeded that for the MST addition test at 4 and 24
hours. For all of the actinides, treatments with 0.01 M sodium permanganate with 0.045 M peroxide as a reductant had the greatest amount of decontamination. The Sr DF
values with seed Sr, 0.01 M permanganate and peroxide treatment were fairly good also. For the formate-containing tests, actinide removal was higher when permanganate
was added sequentially. Treatments with Mn(II) in the absence of Ca2+ proved comparable to that of 0.045 formate and 0.01 M permanganate addition.
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Table 4-1 The 4 and 24 hour DF values for Sr and the actinides from our tests with permanganate and MST.
Values shown for Pu are based on Pu-TTA analyses. Average values are shown for tests done in duplicate.
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4.11 Color and Foaming Observations with Salt Simulants

The permanganate treatments underwent two color changes during the first hour of equilibration with the test reagents. Upon permanganate addition in the absence of any
reductant, the salt solutions were purple in color. After we added formate as a reductant to the permanganate solutions or permanganate to formate-containing solutions, the
solutions changed color from purple to greenish-blue as shown in Figure 4-47. [The unfiltered solutions shown in Figure 4-47 were made with non-radioactive salt
solutions in glass beakers so that we could better examine the color changes that we observed (i.e., the samples in the beakers are not from our actual tests with spiked
simulant)]. This greenish blue color was accompanied by the generation of brown solids on the bottom of the containers (if not shaken as shown in Figure 4-47). These
colors persisted for about the first hour of our tests. After 1 hour, the unfiltered suspensions were light or dark brown in color. The filtered solutions from the 30-minute
samplings of these tests were a light turquoise in color (prior to acidification). After 4 hours, all of our filtered sample solutions were colorless and clear upon filtration.

After addition of peroxide to salt solutions with permanganate or after the addition of permanganate to salt solutions with peroxide, the samples began to foam (as shown in
Figure 4-48). The foaming was concurrent with the solutions turning brown. The reaction was nearly instantaneous and it was evident that brown Mn oxide solids formed
rapidly in the treatments. No foaming was observed with tests that had formate as a reductant. The foaming is likely from the rapid liberation of oxygen gas from the
peroxide during reaction with permanganate ion.

The color changes that we observed during our testing are representative of a change in the Mn oxidation state in our treatments. Manganese(VII) is typically purple in
aqueous solutions and dissolved Mn(VI) and Mn(V) are typically blue-green in color. In solution, Mn(IV) and Mn(III) are not highly soluble and they form brownish-black
solids.
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Figure 4-47 Photograph of a Salt Solution in a Glass Beaker
Containing Permanganate after Addition of 0.01 M Seed Sr, 0.01 M

Permanganate and 0.045 M Formate. This Photo was taken Prior to Mixing.
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Figure 4-48 Photograph of Salt Solutions in Glass Beakers Containing
Recently Added Permanganate with Peroxide as a Reductant

(Note Foaming, at Left) and Without Added Peroxide (at Right).

5.0 Conclusions

The testing indicates that permanganate treatment offers a rapid and high degree of Sr and actinide decontamination under certain conditions in our salt simulants. Our
findings indicate that peroxide (more so than formate ion) greatly facilitated actinide removal in the permanganate studies at permanganate concentrations of 0.1 M. The use
of peroxide addition with permanganate should be explored for waste treatment because it offers faster Sr and actinide removal than MST addition (at 0.4 g L-1) or formate
with permanganate. Peroxide in the hydrogen form would not contribute to the Na+ content of the waste. Our studies indicate that the permanganate concentrations may
need to be as high as 0.01 M and reductant concentrations should be in three-fold stoichiometric excess.

However, the effect of temperature on permanganate treatment in the presence of peroxide has yet to be evaluated. Higher treatment temperatures may pose a complication
to waste treatment in that it may increase process control difficulty, which would lower actinide removal. An increase in temperature may promote peroxide decomposition
and result in greater foaming. Studies should be conducted to examine whether there is a temperature effect on Sr2+ and actinide removal.

Suggested tests consist of sequential addition of peroxide with and without seed Sr (Sr may not be required when peroxide is the reductant but this has not been evaluated in
our current study). Other tests that determine ways to minimize foaming during mixing of the permanganate and peroxide should also be explored. Our study indicates that
0.005 M Ca2+ addition is not required for Sr and actinide removal using formate (0.015 M) as the reductant.

6.0 Quality Assurance

The following documents govern the work reported in this document.
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D. T. Hobbs, T. B. Peters, M. J. Barnes, M. C. Duff and K. M. Marshall, "Task Technical and Quality Assurance Plan for FY01 Strontium and Actinide Removal
Testing," WSRC-RP-2001-00188, Rev. 1, July 31, 2001.

Savannah River Site Salt Processing Project: FY 2002 Research and Development Program Plan, PNNL-13707, Rev. 1, December 2001.

Notebooks WSRC-NB-2001-00161 (M. C. Duff), WSRC-NB-2000-00120 (D. T. Hobbs) and WSRC-NB-2001-00011 (D. T. Hobbs) contain the experimental data
obtained from this work.
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8.0 Experimental Data

All data in this section have been corrected for dilution. Data from the first set of experiments:
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Data from the first set of experiments:
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Data from the first set of experiments:
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Data from the first set of experiments:
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Data from the first set of experiments:
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Data from the first set of experiments:
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Data from the first set of experiments:
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