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Summary

A series of precipitation experiments were conducted on Hanford waste tank 241-AN-107
samples in an effort to remove sulfate from the matrix.  Calcium nitrate was added directly to 
AN-107 sub-samples to yield several combinations of Ca:CO3 mole ratios spanning a range of 0:1 
to 3:1 to remove carbonate as insoluble CaCO3.  Similarly barium nitrate was added directly to 
the AN-107 aliquots, or to the calcium pretreated AN-107 aliquots, giving of Ba:SO4 mole ratios 
spanning a range of 1:1 to 5:1 to precipitate sulfate as BaSO4.

Initial bulk carbonate removal was required for successful follow-on barium sulfate precipitation.
A ≥ 1:1 mole ratio of Ca:CO3 was found to lower the carbonate concentration such that Ba would 
react preferentially with the sulfate.  A follow-on 1:1 mole ratio of Ba:SO4 resulted in 70% 
sulfate removal.  The experiment was scaled up with a 735-mL aliquot of AN-107 for more 
complete testing.  Calcium carbonate and barium sulfate settling rates were determined and fates 
of selected cations, anions, and radionuclides were followed through the various process steps.
Seventy percent of the sulfate was removed in the scale-up test while recovering 63% of the 
filtrate volume.

Surprisingly, during the scale-up test, a sub-sample of the CaCO3/241-AN-107 slurry was found 
to lose fluidity upon standing for ≤ 2 days.  Metathesis with BaCO3 at ambient temperature was 
also evaluated using batch contacts at various BaCO3:SO4 mole ratios with no measurable 
success.
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Terms and Abbreviations

AEA alpha energy analysis
BNFL BNFL, Inc; subsidiary of British Nuclear Fuels, Ltd. 
EDTA ethylenediaminetetriacetate
EPA environmental protection agency
GEA gamma energy analysis
HEDTA N-(2-hydroxyethyl)ethylenediaminetriacetate
HLRF High Level Radiation Facility
IC ion chromatography
ICP-AES inductively-coupled plasma atomic emission spectrometry
ICP-MS inductively-coupled plasma mass spectrometry
LAW low-activity waste
MRQ minimum reportable quantity
NA not analyzed
SAL Shielded Analytical Laboratory
TCLP toxicity characteristic leaching procedure
TIC total inorganic carbon
TOC total organic carbon
TRU transuranic
VSL Vitreous States Laboratory
XRD X-ray diffraction
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Units

oC degrees centigrade or celsius
cm centimeter
g gram
M molarity (moles per liter)
mL milliliter
µg micrograms
µCi microcuries
µm micrometer
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1.1

1.0 Introduction

The presence of sulfate ion in the Hanford low-activity waste (LAW) solutions generates several 
potential processing difficulties.  Preliminary testing of the LAW vitrification system at the 
Vitreous States Laboratory (VSL) indicates a separate molten sulfur layer will form in the melter 
(nominally at 1150°C) at sufficiently high sulfate concentrations. A molten sulfur layer in the 
LAW melter can lead to accelerated corrosion of the melter and unacceptable operating
conditions (e.g., steam explosion).

BNFL Inc. (BNFL) has been evaluating several methods to mitigate the impacts of sulfate on the 
LAW vitrification system including pretreatment technologies, blending of high and low sulfate 
LAW solutions, modification to the LAW glass formulations, and volatilization of sulfur in the 
LAW melter as SO2 or SO3.  BNFL is evaluating four pretreatment technologies for separating 
sulfate from LAW solutions: 

• Ion Exchange (SuperLig 655)
• Evaporation
• Precipitation
• Low-temperature crystallization

This report describes the results of a series of experiments conducted by Battelle to evaluate 
precipitation as a process for removal of sulfate ion from the waste currently stored in tank 
241-AN-107 (referred to as AN-107).   The pretreated AN-107 liquid waste (supernatant) is 
categorized as LAW Envelope C waste.  Actual tank waste samples were used in these tests.
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2.0 Experimental

2.1 Sample Description

The initial testing was conducted with a sample of waste from tank 241-AN-107 archived at 
Battelle after previous testing (Hendrickson, 1997).  This sample was originally obtained as a 
multiple grab samples in January of 1997.  It was diluted with 0.53M NaOH to approximately 5M 
Na and 0.125M OH.  Cesium was removed using a crystalline silico-titanate ion exchanger.  The 
cesium-decontaminated samples were transferred to the Radiochemical Processing Laboratory 
(RPL) on May 23, 1997 and were archived in the Shielded Analytical Laboratory (SAL).  One-
liter aliquots of this archive material were processed with two slightly different Sr/TRU removal 
processes (Hallen et al., 2000a).  The first treatment process described provided material called 
“Archive 1 AN-107” in this report and was used for phase 1 studies.  The second treatment 
process described by Hallen provided material called “Archive 2 AN-107” in this report and was 
used for phase 2 studies.

A sample of the waste from 241-AN-107 (Envelope C) was received in the High Level Radiation 
Facility (HLRF) during the fourth quarter of 1998.  The homogenization, dilution, caustic 
adjustment, and sub-sampling of this sample was described (Urie et al., 1999).  The diluted AN-
107 sample (AN-107 Diluted Feed) was then processed for Sr/TRU removal with a precipitation 
process.  The precipitate and entrained solids were removed with a single-tube cross-flow filter 
using a 0.1-micron sintered metal Mott filter (Hallen 2000b).  The clarified AN-107 sample was 
then processed for cesium removal using an ion exchange process (Kurath et. al., 2000).  The 
cesium-decontaminated sample was then processed for removal of 99Tc (Blanchard, 2000). The 
effluent from the 99Tc removal testing provided the feed, called “Actual AN-107,” for phase 3 
sulfate removal tests described in this report.

The AN-107 feed compositions for each experimental phase are provided in Table 2.1. 

2.2 Reagents

All reagents were ACS reagent grade, with the exception of Ba(NO2)2· H2O (Aesar) which did not 
specify a grade.  A 5M Ca2+ solution (density = 1.531g/mL) was prepared from Ca(NO3)2· 4H2O.
A 0.33M Ba2+ solution (density = 1.063g/mL) was prepared from Ba(NO3)2, two Ba stock 
solutions were prepared from Ba(NO2)2· H2O.  The Ba(NO2)2 solutions were analyzed by 
ICP-AES, to ascertain  the actual Ba concentration.

2.3 Apparatus

Settling studies were conducted in a 1-L glass graduated mixing cylinder (6-cm internal 
diameter).  Nalgene® filter assemblies with 20-cm2, 0.45-µm nylon filter connected to 125-mL
upper and lower reservoirs were used for phase 1 and phase 2 experiments.  Millipore® filter 
assemblies with 40-cm2 surface area, 0.45-µm polyvinylidene fluoride filter, connected to a 
polycarbonate 500-mL, graduated upper reservoir and 1-L, graduated lower reservoir were used 
for the third phase.  Syringe filters (0.45-µm) were used to process small-volume samples.
Vacuum was supplied by the laboratory vacuum system at 19.8-mm Hg pressure.
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Table 2.1.  Composition of AN-107 Feed Materials

Archive 1 AN-107 Archive 2 AN-107 Actual AN-107
Analyte Units Phase 1 Phase 2 Phase 3
density g/mL 1.20 1.259 1.231
SO4 M 0.041 0.053 0.042
CO3/titration M 0.7 0.81
CO3/TIC M 0.70 0.66
NO3 M 2.2 1.7
NO2 M 0.73 0.62
OH M 0.87
HEDTA M 0.0039
EDTA M 0.01
Na M 4.4 4.8
Ca M 0.0041 0.0043
Al µg/mL 127 2340
Ba µg/mL <0.4 <0.4
Cr µg/mL 35 43
Sr µg/mL 120 130
Cs-137 µCi/mL 2.02E-2 8.22E-2
Eu-154 µCi/mL 2.66E-2 3.26E-2
Am-241 µCi/mL 9.73E-3 1.19E-2
Co-60 µCi/mL 6.44E-2 4.92E-2
Sr-90 µCi/mL 1.07E+0 2.46E-1

Note: Blank spaces represent non-analyzed analytes.  Concentrations are expected to be similar 
to the other AN-107 feed materials.

2.4 Experimental

The experimental work was conducted in three phases.  The first phase was broad spectrum 
testing for sulfate removal including precipitation with direct Ba2+ addition; a Ca2+ addition 
(pre-strike) followed by Ba2+ addition; and metathesis of added BaCO3 to BaSO4.  The second 
phase targeted the calcium pre-strike for initial carbonate removal followed by Ba2+ addition for 
BaSO4 precipitation, and metathesis of BaCO3 to BaSO4.  The third phase incorporated the Ca2+

pre-strike followed by Ba2+ addition on a scale-up test with 756-mL of Actual AN-107 tank 
waste1.  The tests are delineated in Test Instructions BNFL-TI-29953-061 (Appendix A), -062
(Appendix B), and -071 (Appendix C), respectively.  All testing was conducted at room 
temperature, nominally 21oC.  In the following discussion, all indicated Ca:CO3 and Ba:SO4

ratios represent mole ratios.

1 Test Specification Section 5.0, TSP-W375-99-00016, Revision 1, Test Specification for Separating 
Sulfate from Pretreated AN-107, AZ-102, and AN-102 Solutions by Precipitation, BNFL, Inc., Richland, 
Washington dated December 3, 1999 revised on December 9, 1999 and transmitted to PNNL according to
CCN: 008798.
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2.4.1 Survey of Calcium Carbonate and Barium Sulfate 
Precipitations, Phase 1

The experimental process flow sheet is provided in Figure 2.1.  Five aliquots of nominally 30-g
(25-mL) of Archive 1 AN-107 were sampled into 35-mL glass vials.  Aliquots of 5M Ca(NO3)2

solution were added to four samples in mole ratios of Ca:CO3 of 0.5:1, 1:1 (in duplicate), and 2:1; 
one sample had no added Ca2+.  Additional DI water was added as make-up volume such that all 
final sample volumes were identical at 32-mL, which diluted the matrix by a factor of 1.28. The
solutions were mixed for 5 minutes and allowed to stand for 60 minutes.  Solid and liquid phases 
were separated by centrifuging at 1500 rpm for 3 min.  The supernatant was removed, filtered 
through a syringe filter, and analyzed for anions.  The supernatants from the duplicate 1:1 Ca:CO3

contact were combined in order to provide a larger working volume for subsequent Ba2+ contact 
studies.  Aliquots of the supernatants were then further processed by adding 0.33 M BaNO3 in 
various mole ratios of Ba:SO4 (1:1, 1.4:1, 3:1, and 5:1).  However, in the case of the 2:1 Ca:CO3

contact, the supernatant volume was sufficient for only one follow-on Ba2+ contact; the 1.4:1 
Ba:SO4 contact was selected for study.   After the Ba2+ contact, the samples were stirred for 5 
minutes, then allowed to stand for 60 minutes.  The samples were centrifuged and the supernatant 
was filtered through a syringe filter and submitted for anion analysis.  Sub-samples from the 1:1 
Ca:CO3 contact and subsequent Ba2+ contacts were further analyzed for inorganic carbon and 
selected radionuclides.

2.4.2 Targeted 1:1 Calcium:Carbonate Pre-strike, Phase 2

The 1:1 Ca:CO3 mole ratio was selected for further study based on the results from phase 1 
testing.  The process flow sheet provided in Figure 2.2 summarizes the general sample 
manipulation scheme. A 25-mL aliquot of 5M Ca(NO3)2 was mixed into 200-mL of Archive 2 
AN-107 feed material over a 10 minute period with stirring.  The slurry was stirred for an 
additional 15 minutes, then allowed to stand for 60 minutes.  The slurry was resuspended and 
split into two fractions.  The filter flux was measured by passing the slurries through two Nalgene 
filter apparatuses and recording the filtration times.  The filter cake masses remaining in the upper 
filter units were recorded, as were the filtrate masses.  The filtrates were combined and sampled 
for density, IC, TIC, GEA, and ICP measurements.

This study evaluated the use of Ba(NO2)2 in place of Ba(NO3)2; the advantages of the former 
reagent is it’s much higher water solubility with a corresponding reduction in added aqueous 
volume.  A 100-mL aliquot of the Ca2+ pre-strike filtrate was mixed with 2.7-mL 2M Ba(NO2)2

(targeted 1.4:1, actual 1.1:1 Ba:SO4); a 10-mL aliquot of filtrate was contacted with 0.18-mL 2M 
Ba(NO2)2 (targeted 1:1, actual 0.8:1 Ba:SO4).   Each of these latter two solutions were mixed for 
15 minutes and allowed to stand for an additional 60 minutes.  The volume consumed by solids 
was estimated.  The filter flux was determined for the 100-mL volume BaSO4 slurry similarly to 
the CaCO3 filter flux, except that the slurry was processed through 1 filter unit instead of 2 filter 
units.  The BaSO4 precipitate was washed three times with 10-mL 0.01M NaOH and percent 
solids determined.  The 10-mL sample supernatant from the 0.8:1 Ba:SO4 contact was filtered 
through a syringe filter.  Both filtrates were analyzed by IC, ICP, GEA, and TIC methods.
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2.4.3 Scale-Up Precipitation Test, Phase 3

A scale-up test was conducted with 757mL of Actual AN-107 waste to more thoroughly evaluate 
the targeted 1.1:1 Ca:CO3 prestrike and 1.3:1 Ba:SO4 contact as well as generate enough low-
sulfate AN-107 for vitrification tests.  A process flow sheet, Figure 2.3, summarizes the general 
sample manipulation scheme as well as sampling points through the process. A 107-mL 5M Ca2+

solution, representing a 1.1:1 Ca:CO3 mole ratio, was added slowly to a 757-mL aliquot of the 
Actual AN-107 sample while stirring over a 10-minute period.  Stirring continued for 60 minutes 
after addition of the Ca to ensure complete mixing.  The sample then was transferred to a 
graduated cylinder.  The settling rate for the CaCO3 solids was evaluated over a 2-hr period with 
the settle solids/liquid interface measurements taken every 10 minutes.  After the settling test, the 
slurry was re-suspended by cylinder agitation.  The slurry was sampled for viscosity testing, as 
well as density, insoluble solids, and particle size analysis.  Half of the remaining slurry was then 
poured through a tarred filtration unit.  Filtrate volume as a function of time was recorded, along 
with the total filtration time.  Filtration was considered complete when the filtrate production was 
below 1 drop per 12 seconds.  The filtration was repeated for the second half of the Ca2+

contacted Actual AN-107 slurry, using a second tared upper filtration reservoir.  The filtrate was 
collected in the same lower reservoir used for the first half-filtrate collection, thus combining 
filtrates.  Net wet precipitate masses were recorded along with the net filtrate mass.  Samples of 
the wet precipitates (representative aliquots from each collection) and filtrate were taken for 
analysis.

The CaCO3 precipitate was subjected to a series of washes; each wash was collected in a separate, 
clean, tarred, filtration receiver.  Both CaCO3 precipitate volumes (150-mL) were estimated based 
on the graduations of the upper reservoir and mixed with 300-mL 0.01M NaOH, a 2:1 volume 
ratio of 0.01M NaOH:precipitate.  Mixing was done with a plastic stir rod until all chunks were 
dispersed.  Vacuum was then applied and the total filtration time recorded.  After a second 0.01M 
NaOH wash, samples of the wet precipitates were taken for analysis.  Samples from the first and 
second filtrate washes were also taken for analyses.  The CaCO3 precipitate was then washed with 
a 2:1 volume ratio of 1M HNO3:precipitate volume.  A 200-mL volume of 1M HNO3 was added 
slowly to each sample of CaCO3 precipitate, with stirring.  After reaction and thorough mixing, 
vacuum was applied and the total filtration time recorded.  The wash was repeated after 
estimating the new precipitate volumes (about 50-mL each) at the same 2:1 ratio of 1M 
HNO3:precipitate volume with 100-mL 1M HNO3 added to each reservoir of CaCO3.  The CaCO3

precipitates were then washed with 75-mL water each in a 3:1 volume ratio of water:precipitate.
Samples of the washed precipitate were collected for analysis along with samples of the first and 
second 1M HNO3 filtrate washes and the water filtrate wash.  A fraction of the washed precipitate 
was dried to constant weight at 105oC to determine the percent of solids present in the washed 
precipitate.
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Figure 2.3.  Experimental Outline of Phase 3 Testing
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A 13.27-mL aliquot of 1.82M Ba2+ solution (as barium nitrite), representing a 1.3:1 Ba:SO4 mole 
ratio, was added to the calcium pre-treated filtrate over a 6-min interval with stirring.  The 
solution was stirred for an additional 60-min. to ensure complete mixing.  The slurry was then 
poured into the graduated cylinder for a settling test.  The settled solids volume was recorded 
every 10 minutes for 2 hours.  The slurry was then allowed to continue settling overnight.  The 
solid was re-suspended by mixing and aliquots taken for density, insoluble solids, viscosity, and 
particle size analyses.  The remaining slurry was then poured into a filtration unit with tared 
upper and lower reservoirs.  Total filtration time, gross wet precipitate mass, and filtrate mass 
were recorded.  The wet precipitate and filtrate were sampled for analyses.

The barium precipitate was then subjected to a series of washes; each wash was collected in a 
clean, tared lower reservoir.  The precipitate was washed with 40-mL 0.01M NaOH, representing 
a 2:1 volume ratio of wash:solids.  The precipitate was stirred thoroughly in the wash reagent 
prior to applying vacuum.  Total filtration time was recorded when vacuum was applied.  After 
repeating the 0.01M NaOH wash, the solids and filtrates were sampled for analyses.  Samples 
taken for particle size analysis were suspended in 0.01M NaOH.  The solids were then washed 
with 40-mL 1M HNO3, representing a 2:1 volume ratio of wash:solids.  The solids were stirred 
thoroughly into the wash solution in the upper reservoir.  After reaction was complete, vacuum 
was applied and the filtration time recorded.  The solids were washed again with a 20-mL volume
of 1M HNO3, representing a 2:1 volume ratio of wash:solids, and the filtrate was collected in a 
clean reservoir.  The solids were washed again with 30-mL deionized water, representing a 3:1 
volume ratio of wash:solids.  The filtrates and remaining solids were sampled for analyses and a 
fraction of the washed precipitate was dried to constant weight at 105oC to determine the percent 
solids present in the washed precipitate.

2.4.4 BaCO3 to BaSO4 Metathesis Study, Phase 1 and Phase 2

Six-gram aliquots of Archive 1 AN-107 were contacted with 0.2g, 0.4g and 1g aliquots of BaCO3

(Figure 2.1).  These aliquot sizes targeted 5:1, 10:1, and 25:1 ratios of Ba:SO4, respectively.  The 
materials were mixed in a shaker for nominally 21 hours, and then allowed to settle. The
supernatants were filtered through 0.45-µm syringe filters and analyzed by IC.

Twelve-gram aliquots of the calcium-treated Archive 2 AN-107 were contacted with solid BaCO3

in 1:1 and 3:1 Ba:SO4 ratios and shaken for 90 hours (Figure 2.2).  After settling, the supernatants 
were filtered, sampled, and analyzed by IC, ICP, GEA and TIC.

2.5 Analytical Methods

Specific analytical procedures used to support the solution and solid analyses are listed in 
Table 2.2.  Solution anions were measured, after sample dilution, using a Dionex ion 
chromatograph similar to EPA Method 300.0.  Large sample dilutions were generally necessary 
because of the high nitrate concentrations resulting in a sulfate detection limit of 2000 µg/mL.
The CaCO3 precipitate samples were leached with water that in turn was analyzed by ion 
chromatography; BaSO4 solids were not analyzed by IC.  The IC solids sample preparation 
utilizes a water leach.  Barium sulfate solids are virtually insoluble in water, thus IC information 
on such a sample would be meaningless.  Ion chromatography uncertainty was typically ±15% 
where the analyte concentrations were greater than ten times the detection limit.  Total inorganic 
carbon, or carbonate, was measured directly on both liquids and solids by releasing CO2 with hot 
2M H2SO4 and sweeping the gas with an O2 flow into CO2 trapping solution.  Carbon dioxide was 
measured coulometrically on a Coulometrics coulometer.  Total organic carbon was measured 
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similarly except the entire sample was oxidized using sulfuric acid and potassium persulfate with 
silver nitrate catalyst for complete oxidation of organic species.  Uncertainty was typically ±15% 
where the analyte concentration was greater than ten times the detection limit.  Solutions and 
BaSO4 solids were directly analyzed by gamma spectrometry to determine gamma-emitting
radioisotopes.  Calcium carbonate solids were first dissolved in HNO3 prior to GEA analysis.
Uncertainty was attributed primarily to counting statistics and ranged from ±2% for 137Cs
to ±25% for 241Am.  Filtrate and CaCO3 sub-samples were acid digested; BaSO4 samples were 
metathesized with ammonium carbonate and analyzed in 2 fractions: the sulfate-fraction and the 
Ba-fraction.  The digested samples were processed through radiochemical separations to isolate 
79Se and 90Sr followed by liquid scintillation and beta proportional counting, respectively.
Inductively-coupled plasma mass spectrometry (ICP-MS) was used to measure 99Tc, 237Np, and 
239Pu after acid digestion and dilution; uncertainty was typically ±10%.  Most cations were 
measured using inductively-coupled plasma atomic emission spectrometry with an uncertainty of 
nominally ±15% where analyte concentration was greater than ten times the detection limit.
Uranium kinetic phosphorimetry was used to measure U concentration following matrix 
adjustment with typical uncertainties of ±4%.  Ammonia was measured with an ion-selective
electrode on aqueous samples directly or on water leachates of solids.  Total alpha was measured 
by directly plating the acid-digested sample onto a planchet and counting using gas-flow
proportional counting.  Because of the high beta activity causing cross-talk into the alpha channel, 
alpha detection limits were generally high.

Table 2.2.  Analytical Procedures

Analyte Procedure
Anions PNL-ALO-212, Rev. 1
Water leach PNL-ALO-103, Rev. 1
TIC PNL-ALO-381, Rev. 1
TOC PNL-ALO-381, Rev. 1
NH3 PNL-ALO-226
Acid digestion, solutions PNL-ALO-128
Acid digestion, CaCO3 PNL-ALO-128
Metathesis, BaSO4 cognizant scientist direction
Sr-90 PNL-ALO-476 Rev. 1, -408, Rev. 1
GEA PNL-ALO-450 Rev. 1
Am-241 PNNL-ALO-417 Rev. 2, -496, -422
Pu-239/240 and Pu-238 PNNL-ALO-417 Rev. 2, -496, -422
ICP-AES PNL-ALO-211
ICP-MS PNL-ALO-280 Rev. 1
U PNNL-ALO-4014
Se-79 PNL-ALO-440, Rev. 7, -474
Total alpha PNL-ALO-4001, -408, Rev. 1

Particle size, XRD, viscosity, TCLP, Hg, and Am (by AEA) were cancelled subsequent to 
sampling by customer request.  The ICP-MS analyses of the BaSO4 solids were also cancelled.
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3.0 Results and Discussion

3.1 Survey of Calcium Carbonate and Barium Sulfate 
Precipitations, Phase 1

In all cases, the addition of calcium solution produced copious amounts of CaCO3 precipitate.
The Archive 1 AN-107/CaCO3 mixtures had to be vigorously shaken by hand as the stir bar was 
largely ineffectual in mixing the slurried solids in the 35-mL vial.  The estimated centrifuged 
solids volumes compared to the mole ratio of added Ca:CO3 are summarized in Table 3.1.  The 
sulfate concentration, where no Ca2+ was added, measured 0.034M and is consistent with simple 
dilution of the starting material (dilution factor = 1.28).  Sulfate concentration dropped slightly 
with increasing Ca2+ addition indicating a small amount of CaSO4 precipitated with the CaCO3.
The percent sulfate removal is shown in Table 3.1.  The 1:1 Ca:CO3 pre-strike supernatant 
resulted in nearly 68% carbonate removal from solution.

Table 3.1.  Sulfate and Carbonate Removal from Calcium Contact, Phase 1 Testing

Ca:CO3

mole ratio
% centrifuged 

solids
% SO4

removed
% CO3

removed

0.5:1 30 0 NA
1:1 55 6 68
2:1 70 12 NA

NA: not analyzed

The addition of 0.33 M Ba2+ resulted in a well-defined, heavy, precipitate that compacted more 
efficiently than CaCO3.  The dilution factor after Ba2+ addition varied slightly for each sample as 
water was not added as a make-up volume.  Sulfate removal was calculated according to the 
equation 1-([SO4]f/[SO4] 2

· ) where [SO4]f is the final measured sulfate concentration and the 
[SO4]2

·  is the initial sulfate concentration corrected for the dilution factor.  The results of the Ba2+

contact are summarized in Table 3.2.  Where the Ca2+ pre-strike was less than 1:1 Ca:CO3, the 
sulfate removed by Ba2+ addition was inconsequential, i.e., the measured sulfate concentration 
was virtually equal to the sulfate concentration corrected for dilution.  For the case of a 1:1 
Ca:CO3 pre-strike contact, the Ba2+ contact was effective in removing sulfate.  The four samples 
from this Ca2+ pre-strike underwent further analysis by ICP, GEA, TIC, and for 90Sr.  The 1.4:1 
Ba:SO4 contact, from this calcium pre-strike, resulted in 69% sulfate removal for a final 0.008 M 
SO4 concentration.  Higher Ba:SO4 ratios resulted in diminishing returns of sulfate removal while
increasing CO3

2- removal.  Dissolved Ba2+ remained in solution ranging from 51 to 164 µg/mL.
The chromium concentration also dropped with Ba2+ addition, probably co-precipitating as 
BaCrO4.  For a 1:1 Ba:SO4 contact, 81% of the chromium was removed.  The 90Sr and 154Eu
concentrations also dropped with increasing BaSO4 precipitation; 137Cs and 60Co concentrations 
remained unaffected.  Analytical details are provided in Appendix A.  Based on these sulfate 
removal results, the 1:1 Ca:CO3 pre-strike followed by 1:1 and 1.5:1 Ba2+ strike were selected for 
further study.
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Table 3.2.  Sulfate and Carbonate Removal After Ba2+ Contacts Following Ca2+ Pre-strike,
Phase 1 Testing

Ca:CO3

Mole Ratio
Targeted Ba:SO4

Mole Ratio
Actual Ba:SO4

Mole Ratio
% SO4

Removed
% CO3

Removed

0:1 1:1 0.92:1 6 NA

1.4:1 1.3:1 3 NA

3:1 2.8:1 9 NA

3:1 2.8:1 1 NA

5:1 4.6:1 5 NA

0.5:1 1:1 0.99:1 0 NA

1.4:1 1.3:1 -3 NA

3:1 3.0:1 -9 NA

5:1 5.0:1 -1 NA

1:1 1:1 1.0:1 54 12
1.4:1 1.4:1 69 16
3:1 3.2:1 69 56
5:1 5.3:1 >70 86

2:1 1.4:1 1.5:1 >76 NA

NA: not analyzed

3.2 Targeted 1:1 Calcium:Carbonate Precipitation Pre-
Strike, Phase 2

Carbonate concentration of Archive 2 AN-107, determined by titration and combustion, resulted 
in 0.81M and 0.70M carbonate, respectively.  Based on an average of these two results, 0.755M 
CO3, the calcium:carbonate mole ratio was calculated to be 0.93:1, slightly below the targeted 1:1 
mole ratio.  As observed before, copious amounts of precipitate formed upon Ca2+ addition.  The 
filtrate collection rate, or filter flux, of half the CaCO3 slurry was determined in duplicate because 
the precipitate volume was relatively large compared to the holding capacity of one filter unit 
upper reservoir.  The fluxes measured 12 g/min and 16 g/min through the 20-cm2, 0.45-µm filter.
The 169-mL filtrate volume represents 74% of the combined Archive 2 AN-107 and added 
calcium solution volumes (227-mL). The CaCO3 precipitation resulted in a 69% carbonate 
removal, consistent with the results from phase 1 study.  Virtually no CaSO4 co-precipitated with 
the CaCO3.  These results are summarized in Table 3.3.  Cobalt and cesium concentrations 
remained unaffected.  Predictably, 90Sr precipitated with the CaCO3.  Europium and americium 
also were nominally 60% co-precipitated.  Analytical details are provided in Appendix B. 
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Table 3.3.  Sulfate and Carbonate Removal of Targeted Calcium Pre-strike, Phase 2 Testing

Volume SO4 CO3

Ca Pre-Strike, 0.93:1 Ca:CO3

Archive 2 AN-107 200 mL 0.053 M 0.755 M
Added 5 M Ca(NO3)2-4H2O 27.9 mL
Dilution factor 1.14
Filtrate 169 mL 0.048 M 0.204 M
% removed (dilution corrected) -3 69
2 M Ba(NO2)2-H2O contact, 1.1:1 Ba:SO4

Archive 2 AN-107 prestrike 100 mL 0.048 M 0.204 M
Added 2 M Ba2+ 2.68 mL
Dilution factor 1.03
Filtrate 98.7 mL <0.02 M 0.248 M
% removed (dilution corrected) >57 -25
2 M Ba(NO2)2-H2O contact, 0.77:1 Ba:SO4

Archive 2 AN-107 prestrike 9.96 mL 0.048 M 0.204 M
Added 2 M Ba2+ 0.18 mL
Dilution factor 1.02
Filtrate not measured <0.02 M 0.222 M
% removed (dilution corrected) >57 -11

The two ratios of Ba:SO4 tested, 0.77:1 Ba:SO4 and 1.1:1 Ba:SO4, missed the target ratios of 1:1 
and 1.5:1 because the sulfate concentration in the Archive 2 AN-107 was 30% higher than 
expected based on sample processing history.  A filter flux of 21 g/min in  through a 20-cm2,
0.45-µmfilter was obtained for the Archive 2 AN-107/BaSO4 slurry.  Sulfate concentration 
dropped to <0.02M in both filtrates corresponding to >57% sulfate removal.  A more definitive 
sulfate removal could not be calculated because the absolute sulfate concentrations in both 
filtrates (1.1:1 and 0.77:1 Ba:SO4 contacts) were less than the instrument detection limit of 0.02M 
sulfate.  Carbonate measured in the Ba2+ contacted solutions measured higher than the CO3

2-

pre-strike AN-107 feed.  There is no good explanation for this other than the samples may have 
absorbed CO2 from the air while waiting analysis.  Barium concentrations in the filtrates were 
101 and 35 µg/mL.  Chromium removal ranged from 72% to 80%, consistent with the phase 1 
study.  The washed BaSO4 precipitate contained 35 weight percent solids.  Results are 
summarized in Table 3.3, and analytical details are provided in Appendix B.  Based on the 
successful sulfate removal and filterability of the CaCO3 and BaSO4, a scale-up test was defined 
to further evaluate processing characteristics.

3.3 Scale-up Precipitation Test, Phase 3

Upon addition of the 5M Ca2+ solution, solids immediately began to form and continued to form 
throughout the Ca2+ addition.  Figure 3.1 shows the CaCO3 settling rate as a function of time.
After the 120-minute settling test, nearly 97% of the sample volume still contained slurried solids.
The sub-samples of the CaCO3 slurry taken for viscosity, particle size, and insoluble solids 
measurements were no longer fluid after setting aside for 2 days, thus obviating further analyses 
of the CaCO3 slurry.  After the 2-hr settling test, the CaCO3 slurry was re-mixed and split in half 
for filtering through two filters.  The split was necessary because the copious precipitate volume 
would nearly fill one Millipore filtration unit upper reservoir (500-mL).  An approximate 
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filtration rate was determined based on the slurry volume change in the upper reservoir.  The 
change in filtration rate as a function of time is presented in Figure 3.2.  After about 150 mL 
filtrate was collected, the flow rate stabilized at nominally 8 mL/min. Each split produced about 
280-mL filtrate.  In both cases, the wet precipitate volume after filtration was nominally 150 mL 
(as measured from the graduations in the upper filter chamber). The combined net mass of the 
wet CaCO3 precipitate mass was 361g.  The individual filtrate masses were not measured; the 
filtrates were combined providing a total volume of 561 mL.  From a starting volume of 846 mL, 
this corresponds to an aqueous volume recovery of 67%.  The CaCO3 co-precipitated 5.6% of the 
sulfate while removing 67.7% of the carbonate.  These results are consistent with results from the 
previous 2 study phases and are summarized in Table 3.4.  Each CaCO3 precipitate was washed 
twice with 0.01M NaOH followed by two 1M HNO3 washes and one water wash.  The 1M HNO3

wash resulted in the production of CO2 as carbonate was decomposed.  Predictably, each HNO3

wash resulted in significant precipitate mass losses, 55% and 35%, respectively.  A summary of 
the precipitate and filtrate masses, volumes, filtration times, etc., are provided in Appendix C.
The CaCO3 precipitation carried other species besides the CaCO3.  Co-precipitated with the 
CaCO3 were Al, Fe, P [(probably as Ca3(PO4)2], and Sr.  Europium, Am, Pu, and Np also 
followed the CaCO3.  After the 1M HNO3 washes, the Al, P, Eu, and Am remained 
disproportionately with the CaCO3 precipitate, i.e., partial dissolution of the CaCO3 did not cause 
partial dissolution of the Al, P, Eu, and Am precipitates.  A detailed analytical comparison of the 
Actual AN-107 starting material and calcium pre-strike filtrate is provided in Tables 3.5 and 3.6.
Wash filtrate and CaCO3 analyses are provided in Table 3.7.

Barium precipitates formed immediately upon addition of Ba2+ to the Ca2+ pre-treated Actual 
AN-107 filtrate.  After a 120-minute settling test, the slurried precipitate volume occupied 17% of 
the total solution volume.  The BaSO4 settling curve is shown in Figure 3.1.  Filtration of the 
BaSO4 slurry required 82 minutes with 94% of the BaSO4 slurry volume recovered in the filtrate.
The initial filtration rate was rapid (data not taken—observation only) settling down to nominally 
4-mL/min after about 50% of the filtrate volume was collected (Figure 3.2).  Consistent with 
previous work, 69.7% of the sulfate was removed and only 6.8% of the carbonate was removed 
during this BaSO4 precipitation.   The overall total sulfate removal for the combined Ca2+ and 
Ba2+ contact was 72% with a combined filtrate recovery of 63%.  The sulfate and carbonate 
removal and filtrate recoveries are summarized in Table 3.4.  Analytical details of the BaSO4

filtrate are provided in Tables 3.5 and 3.6. The BaSO4 co-precipitated Cr, while other cation and 
anion concentrations (except Ba and sulfate) remained virtually unchanged. Under the tested 
processing conditions, measurable Ba remained in solution at 110 µg/mL.  The two 40-mL 0.01M 
NaOH washes were rapid, taking no more than 1 minute, and did not remove precipitate mass.
The initial 40-mL 1M HNO3 wash resulted in about a 50% reduction of precipitate mass as well 
as gas evolution resulting from the decomposition of carbonate.  The second 10-mL 1M HNO3

wash actually resulted in a mass increase from 8.7g to 13.2g. The filtrate wash and BaSO4

compositions are provided in Table 3.8.

The mass and activity balances for selected cations and radionuclides and fractional recoveries 
are provided in Table 3.9.  The sum of recovered fractions is nominally 1, within experimental 
error, except for 90Sr, where it appears an analytical error could have occurred.  The washed 
BaSO4 material appears to be contaminated principally with Cr.
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Figure 3.1.  Settling Rates for Actual AN-107 CaCO3 and BaSO4 Slurries

Figure 3.2.  Actual AN-107 Filtration Rates as a Function of Filtrate Volume for the CaCO3 and 
BaSO4 Slurries
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Table 3.4.  Sulfate and Carbonate Removal from Actual AN-107 Scale-Up Test, Phase 3

Recovered

Solution SO4 CO3 Filtrate

Volume Removed Removed Volume

CaCO3 Precipitation

Actual AN-107 735 mL

5M Ca2+ 107 mL
Dilution factor 1.15

Filtrate 561 mL 5.6% 67.7% 66.7%

BaSO4 Precipitation

Actual AN-107 filtrate from Ca prestrike 531 mL

1.82M Ba2+ 13.7 mL
Dilution factor 1.03

Filtrate 513.mL 69.7% 6.8% 94.2%

Grand Total

Actual AN-107 735 mL

5M Ca2+ + 1.82M Ba2+ 121 mL

Dilution factor 1.16

Final filtrate 513 mL 72.0% 70.5% 62.8%
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Table 3.5.  Actual AN-107 Feed and Filtrate Compositions, Required Analytes

Actual AN-107 Feed
Filtrate after CaCO3

precipitation
Filtrate after BaSO4

precipitation
BNFL-directed

MRQ

Analyte/Units µCi/mL µCi/mL µCi/mL µCi/mL
137Cs 8.22E-2 7.36E-2 7.33E-2 9.0E+0
154Eu 3.26E-2 6.01E-3 3.10E-3 2.0E-3
155Eu 2.31E-2 4.41E-3 2.17E-3 9.0E-2

241Am 1.19E-2 2.08E-3 1.35E-3 7.75E-4
239Pu 1.49E-3 6.82E-4 3.88E-4 7.75E-4
99Tc 5.90E-2 5.51E-2 4.90E-2 1.50E-3

237Np 4.17E-5 2.31E-5 1.22E-5 7.75E-4
Total Alpha <3E-2 <2E-3 <2E-3 7.75E-4

79Se <1.6E-5 1.35E-5 <2E-6 1.E-04
90Sr 2.46E-01 7.85E-03 2.43E-03 3.0E-1

Analyte/Units µCi/mL µCi/mL µCi/mL µCi/mL
Ag <0.6 <0.4 <0.4 1
Al 2,340 850 768 75
As <7 <5 <4 1
Ba <0.3 <0.2 107 10
Ca 172 941 886 150
Cd 27 25 22 0.1
Co 2.1 [1.8] [1.7] 30
Cr 43 36 6.3 1
Cu 13 12 11 17
Fe 8.6 [3.3] 2.8 150
K 711 646 755 200
La <2 <0.9 <0.9 35
Mg <3 <2 <2 150
Mn [1.4] <0.9 <0.9 150
Mo 16 15 13 90
Na 111,000 104,000 94,700 75
Ni 210 196 176 30
Pb 58 25 22 1
Se <7 <5 <5 0.1
Si [32] <9 <9 170
U <50 <35 <35 600

U(1) 8.3 6.1 2.9 600
Zn 7.6 [4.7] 4.4 16.5

TOC 16,100 13,300 13,100 1,500
TIC 8,160 2,290 2,070 150
Cl < 500 <500 < 500 25

F(2) 3,500 3,000 3,000 150
NO3 112,000 198,000 173,000 3,000
PO4 1400 <1000 <1000 2,500

SO4 4,020 3,300 970 2,300

NH3 8.9 9.7 6.5 150
1) U determined by kinetic phosphorescence
2) F  results are suspect due to peak distortion and retention time shift.
Radioisotope reference date is 11/1/99
Bracketed results represent values with errors exceeding 15%, 2-σ.
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Table 3.6.  Actual AN-107 Feed and Filtrate Compositions, Opportunistic Analytes

Actual AN-
107 Feed

Filtrate after 
CaCO3

precipitation

Filtrate after 
BaSO4

precipitation

Analyte/Units µCi/mL µCi/mL µCi/mL 
60Co 4.95E-2 4.12E-2 3.96E-2
125Sb 6.00E-4 <3.6E-4 <8.4E-5

126Sn/126Sb 3.80E-4 <2.4E-4 <3.6E-5
Analyte/Units µg/mL µg/mL µg/mL 

B 19 [1.8] [1.2]
Nd <3 <2 <2
P 302 48 43
Sb <13 <9 <9
Sn <38 <25 <25
Sr 130 [0.8] 7.0
W [76] [65] [60]
Y <2 <0.8 <0.8
Zr [2.9] <0.8 <0.8

NO2 28,800 25,900 29,500
Oxalate 1400 <1000 <1000

Radioisotope reference date is 11/1/99
Bracketed results represent values with errors exceeding 15%, 2-σ.
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Table 3.7.  Composition of CaCO3 Precipitate Wash Filtrates and CaCO3 Precipitate
CaCO3 precipitate wash filtrates CaCO3 precipitate

0.01M NaOH 1M HNO3 DI H2O BNFL before after NaOH after DI BNFL

Analyte Wash 1 Wash 2 Wash 1 Wash 2 Wash 1 MRQ wash wash H2O wash MRQ

Units: µCi/mL µCi/mL µCi/mL µCi/mL µCi/mL µCi/mL µCi/g µCi/g µCi/g µCi/g 
137Cs 2.26E-2 5.48E-3 2.63E-3 8.16E-4 2.21E-4 9.0E+0 1.96E-1 2.60E-2 9.77E-4 6.0E-2
60Co 1.20E-2 2.58E-3 6.32E-4 8.41E-4 2.80E-4 1.39E-1 6.63E-2 1.31E-1 1.20E-2
154Eu 6.92E-4 <3E-5 1.26E-4 1.84E-3 4.53E-4 2.0E-3 2.32E-1 3.42E-1 7.81E-1 6.0E-2
155Eu 4.79E-4 3.94E-5 <7E-5 1.34E-3 3.11E-4 9.0E-2 1.70E-1 2.51E-1 5.54E-1 6.0E-2
241Am 2.57E-4 3.09E-5 6.37E-5 5.93E-4 1.38E-4 7.75E-4 8.85E-2 1.28E-1 2.90E-1 1.20E-3
239Pu 1.12E-4 2.05E-5 <1E-5 4.16E-5 1.99E-5 7.75E-4 8.50E-3 9.55E-3 2.21E-2 6 ug/g
99Tc 1.45E-2 3.13E-3 8.40E-4 7.06E-4 2.30E-4 1.5E-3 1.43E-1 2.92E-2 4.85E-2 6 ug/g

237Np 3.64E-6 <3E-7 <3E-7 4.37E-7 <2E-7 7.75E-4 1.64E-4 1.97E-4 4.39E-4 1.8ug/g

Total Alpha <7E-4 <3E-4 <2E-2 <2E-2 <4E-3 7.75E-4 5.15E-2 <4E-1 3.50E-1 1.0E-3
90Sr 3.75E-3 2.81E-3 6.78E-1 3.34E-1 3.39E-2 3.0E-1 8.93E+0 1.42E+1 8.94E+0 7.0E+1

Units: µg/mL µg/mL µg/mL µg/mL µg/mL µg/mL µg/g µg/g µg/g µg/g 
Ag <0.4 <0.1 <0.3 <0.3 <0.3 1 <13 <7 <9 900

Al [9.5] 3.14 19.8 9.7 [2.1] 75 12,100 21,700 53,100 330
As <4 <1 <3 <3 <3 1 <130 <74 <100 3

B [5.] 4.1 [1.9] 20.2 8.64 392 275 [140]

Ba <.2 <0.06 [0.74] [0.45] [0.14] 10 [17] [25] [38] 600

Ca 331 132 10,900 17,100 5,330 150 236,000 360,000 311,500 180

Cd 6.6 1.07 [0.36] [0.95] [0.34] 0.1 [75] [24] [30] 11

Co <0.8 <0.1 <1 <1 <1 30 <26 <15 <20 3

Cr 10.2 2.7 [0.82] [0.36] [0.42] 1 110 [32] 100 120

Cu 3 0.67 <0.3 [0.4] <0.3 17 [31] [14] [13] 18

Fe <0.4 <.1 [0.69] [1.7] [0.97] 150 [51] 79 151 140
K 140 [36] <25 <20 <20 200 <1100 <590 <800 1500

La <0.8 <0.1 [3.9] <0.5 [1.8] 35 [79] <15 [130] 60

Mg <2 <0.3 [11] 80.7 29 150 652 1,050 1,120 540

Mn <0.8 <0.1 <0.6 <0.5 <0.5 150 <26 [16] [29] 300

Mo [4.1] [0.94] <0.6 <0.5 <0.5 90 [36] <15 <20 6

Na 25,500 7,150 4,560 1,940 537 75 267,000 50,500 2,250 150

Nd <2 <0.3 <1 <1 <1 <53 <29 [88] 77

Ni 54 12 3.9 [3.] [1.2] 30 480 [82] [72] 160

P [11] 2.6 <1 <1 <1 2,040 2,940 7,210

Pb [2.3] [0.37] [6.1] 21 [8.] 1 [260] 423 549 600

Sb <8 <1 <6 <5 <5 <260 <150 <200 12

Se <4 <0.6 <3 <3 <3 0.1 <130 <74 <100 300

Si [37] 32 <6 <5 <5 170 [1200] [360] [225] 3000

Sr [0.54] 0.50 87 76 24 1,090 1,690 1,080

U <33 <5 <25 <20 <20 600 <1060 <590 <800 600

U(1) 0.87 0.16 0.07 0.67 0.17 600 31.6 38.5 600

W <33 <5 <25 <20 <20 <1060 <590 <800

Zn [1.0] [0.34] <0.6 [1.8] 0.85 16.5 31 [35] [45] 6
Zr <0.8 <0.1 <0.6 <0.5 <0.5 <26 [24] [62] 600

TOC(2) 4,050 980 390 260 91 1500 29,500 13,000 27,800 60

TIC(2) 430 150 26 37 13 150 43,200 73,700 77,400 30

F(3) 900 230 <250 <250 <125 150 5,600 1,100 480 7500

Cl <250 <50 <250 <250 <125 25 <1700 <680 <240 230

NO2 7,100 1,700 <500 <500 <250 40,100 4,050 <480

NO3 58,500 12,300 50,700 62,300 16,500 3000 334,000 28,250 23,600 450

PO4 <500 <100 <500 <500 <250 2500 <3300 <1400 <480 600

SO4 1,100 240 <500 760 <250 2300 8,000 4,050 1,400 1200

oxalate <500 <100 <500 <500 <250 <3300 <1400 <480

NH3 2.0 0.5 0.2 <0.2 <0.2 150 3.8 <5 <0.4 60

1) Analyzed by kinetic phosphorescence. Bracketed results represent values with errors exceeding 15%, 2-σ.
2) Reported as micrograms C per mL or per g.
3) F results are suspect due to peak distortion and retention time shift.
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Table 3.8.  Composition of BaSO4 Precipitate Wash Filtrates and BaSO4 Precipitate
BaSO4 precipitate wash filtrates BaSO4 precipitate

0.01M NaOH 1M HNO3 DI H2O BNFL before after NaOH after DI BNFL

Analyte Wash 1 Wash 2 Wash 1 Wash 2 Wash 1 MRQ wash wash H2O wash MRQ

Units: µCi/mL µCi/mL µCi/mL µCi/mL µCi/mL µCi/mL µCi/g µCi/g µCi/g µCi/g 
137Cs 2.09E-2 5.24E-3 1.38E-3 3.58E-4 1.91E-4 9.0E+0 1.03E-1 1.06E-2 1.64E-3 6.0E-2
60Co 9.89E-3 2.41E-3 4.87E-3 5.05E-3 1.92E-3 1.03E-1 1.02E-1 5.24E-2 1.20E-2
154Eu 4.45E-4 6.04E-5 1.82E-2 1.15E-2 2.85E-3 2.0E-3 1.42E-1 2.45E-1 1.93E-2 6.0E-2
155Eu 2.97E-4 3.65E-5 1.25E-2 7.86E-3 2.72E-3 9.0E-2 9.80E-2 1.63E-1 1.09E-2 6.0E-2
241Am 2.02E-4 4.02E-5 4.19E-3 3.40E-3 1.30E-3 7.75E-4 3.94E-2 5.37E-2 4.38E-3 1.20E-3
239Pu 7.44E-5 1.12E-5 1.72E-3 1.30E-3 3.97E-4 7.75E-4 NA NA NA 6 ug/g
99Tc 1.31E-2 3.23E-3 2.40E-3 1.79E-3 6.05E-4 1.5E-3 NA NA NA 6 ug/g

237Np 2.26E-6 3.53E-7 7.03E-5 2.68E-5 9.45E-6 7.75E-4 NA NA NA 1.8ug/g

Total Alpha NA NA NA NA NA 7.75E-4 NA NA NA 1.0E-3
90Sr 8.56E-4 4.84E-4 2.72E-2 2.75E-2 8.96E-3 3.0E-1 NA NA NA 7.0E+1

Units: µg/mL µg/mL µg/mL µg/mL µg/mL µg/mL µg/g µg/g µg/g µg/g 
Ag <0.3 <0.1 <0.5 <1 <0.3 1 <32 <110 <110 900

Al 213 55 21 [5.8] [1.3] 75 1560 137 35 330

As <3 <0.5 <5 <13 <3 1 <170 <590 <590 3

B [1.0] <0.1 <1 <3 <0.6 580 89 35

Ba 42 16 22,100 7,900 4,720 10 263,000 554,000 586,000 600

Ca 308 103 3,080 959 263 150 23,800 35,400 357 180

Cd 5.8 1.4 3.7 [1.4] [0.49] 0.1 55 22 <110 11

Co <0.5 <0.1 <1 <3 <0.6 30 <53 <190 <190 3

Cr 2.1 0.74 55 56 26 1 1250 2430 2630 120

Cu 2.7 0.70 [0.63] <1.3 <0.3 17 72 36 34 18

Fe [0.95] [0.24] [1.0] [1.5] [0.57] 150 452 125 222 140

K 212 50 <40 <100 <25 200 977 <14,800 <14,800 1,500

La <0.5 <0.1 [2.2] <2.5 <0.6 35 <53 <190 <190 60

Mg <1 <0.2 <2 <5 <1 150 1110 903 745 540
Mn <0.5 <0.1 <1 <3 <0.6 150 7 4 3 300

Mo [3.9] 1.1 [1.1] <3 <0.6 90 31 16 13 6

Na 27,700 7,530 2,630 592 162 75 154,000 20,700 1,300 150

Nd <1 <0.2 [2.4] <5 <1 <210 <740 <740 77

Ni 47 12 9.9 [4.8] [2.1] 30 331 50 12 160

P 11 2.7 [9.3] [6.1] [2.1] 136 119 107

Pb [6.] [1.4] <2 <5 <1 1 <130 <440 <440 600

Sb <5 <1 <10 <25 <6 <110 <370 <370 12

Se <3 <0.5 <5 <13 <3 0.1 <110 <370 <370 300
Si <5 <1 <10 <25 <6 170 8,180 2,180 1,540 3,000

Sr 3.2 1.5 356 110 33 2,490 4,100 56

U <20 <4 <40 <100 <25 600 <4200 <15,000 <15,000 600

U(1) 0.52 0.85 21 18 6.2 600 NA NA NA 600

W <20 [4.8] <40 <100 <25 125 <3700 <3700

Zn [1.2] [0.45] <1 <3 <0.6 16.5 191 97 78 6

Zr <0.5 <0.1 <1 <3 <0.6 18 8 12 600

TOC(2) 3,640 1,010 923 461 156 1,500 24,000 20,700 17,100 60

TIC(2) 743 349 <33 <33 <7 150 24,500 30,200 660 30

F(3) 960 290 <250 <250 <125 150 NA NA NA 7,500
Cl <500 <250 <250 <250 <125 25 NA NA NA 230

NO2 8,100 2,000 <500 <500 <250 NA NA NA

NO3 54,500 13,700 44,600 51,800 20,900 3,000 NA NA NA 450

PO4 <1000 <500 <500 <500 <250 2,500 NA NA NA 600

SO4 <1000 <500 <500 <500 <250 2,300 NA NA NA 1,200

oxalate <1000 <500 <500 <500 <250 NA NA NA

NH3 0.75 0.25 0.33 0.25 <0.2 150 NA NA NA 60

1) Analyzed by kinetic phosphorescence. Bracketed results represent values with errors exceeding 15%, 2-σ.
2) Reported in micrograms C per mL or per g. NA: not analyzed
3) Results are suspect due to peak distortion and retention time shift.



3.
11

T
ab

le
 3

.9
.  

M
as

s 
an

d 
A

ct
iv

ity
 B

al
an

ce
s 

fo
r 

C
al

ci
um

 C
ar

bo
na

te
 a

nd
 B

ar
iu

m
 S

ul
fa

te
 P

re
ci

pi
ta

tio
ns

, P
ha

se
 3

Fi
ltr

at
e

Fi
ltr

at
e

C
aC

O
3 

pr
ec

ip
it

at
e 

w
as

he
s

B
aS

O
4 

pr
ec

ip
it

at
e 

w
as

he
s

F
ra

ct
io

na
l r

ec
ov

er
ie

s

A
ct

ua
l

fr
om

fr
om

0.
01

M
 N

aO
H

1M
 H

N
O

3
D

I 
H

2O
0.

01
M

 N
aO

H
1M

 H
N

O
3

D
I 

H
2O

A
N

-1
07

C
aC

O
3

B
aS

O
4

W
as

h 
1

W
as

h 
2

W
as

h 
1

W
as

h 
2

W
as

h 
1

C
aC

O
3

W
as

h 
1

W
as

h 
2

W
as

h 
1

W
as

h 
2

W
as

h 
1

B
aS

O
4

C
om

bi
ne

d
Pr

od
uc

t

ID
fe

ed
pp

t
pp

t
00

-4
66

00
-4

67
00

-4
69

00
-4

70
00

-4
71

00
-4

72
00

-4
76

00
-4

77
00

-4
79

00
-4

80
00

-4
81

00
-4

82
w

as
h

C
aC

O
3

(B
aS

O
4)

B
aS

O
4

T
ot

al

U
ni

ts
m

g
m

g
m

g
m

g
m

g
m

g
m

g
m

g
m

g
m

g
m

g
m

g
m

g
m

g
m

g
so

lu
tio

ns
pr

ec
ip

ita
te

fi
ltr

at
e

pr
ec

ip
ita

te
(2

)
re

co
ve

re
d

A
na

ly
te

A
l

1,
70

0
47

7
39

4
6.

0
1.

7
9.

9
2.

4
0.

3
1,

53
0

7.
9

2.
2

1.
0

0.
09

0.
04

0.
21

0.
02

0.
90

0.
23

0.
00

01
1.

15

B
14

1.
7

0.
8

3.
2

2.
2

0.
9

5.
1

1.
4

4.
0

0
0

0.
2

0.
2

0.
1

3.
48

0.
97

0.
29

0.
06

0.
25

1.
57

B
a(1

)
<

0.
2

1
10

9
0.

4
0.

1
1.

1
1.

6
0.

6
1,

06
0

12
6

13
7

34
60

0.
39

0.
03

1.
01

1.
43

C
a(1

)
12

5
52

8
45

5
21

0
72

5,
43

0
4,

31
0

87
9

8,
97

0
11

4.
1

14
8

15
8

2
0.

51
0.

42
0.

02
0.

00
01

0.
95

C
d

20
14

11
4.

2
0.

6
0.

2
0.

2
0.

1
0.

9
0.

2
0.

06
0.

2
0.

02
0.

01
0.

70
0.

29
0.

04
0.

57
0.

04
0.

94

C
r

31
20

3.
3

6.
5

1.
4

0.
4

0.
1

0.
1

2.
9

0.
08

0.
03

2.
6

0.
89

0.
76

15
.5

0.
42

0.
09

0.
11

0.
50

1.
12

C
u

9.
3

6.
5

5.
4

1.
9

0.
4

0.
1

0.
4

0.
1

0.
03

0.
03

0.
20

0
0.

27
0.

04
0.

59
0.

02
0.

92
Fe

6.
4

1.
8

1.
4

0.
3

0.
4

0.
2

4.
3

0.
04

0.
01

0.
05

0.
02

0.
02

1.
30

0.
17

0.
68

0.
22

0.
20

1.
27

K
52

0
36

3
38

6
89

20
7.

8
2.

0
1.

9
87

.1
0.

23
0.

74
0.

17
1.

14

M
o

12
8.

3
6.

8
2.

6
0.

5
0.

1
0.

04
0.

05
0.

1
0.

28
0.

58
0.

01
0.

87

N
a

79
,8

50
58

,1
00

48
,6

00
16

,2
00

3,
88

0
2,

27
0

48
9

89
65

1,
02

0
30

1
12

6
9.

5
4.

7
7.

7
0.

31
0.

00
1

0.
61

0.
00

01
0.

91

N
i

15
1

11
0

90
35

6.
4

1.
9

0.
8

0.
2

2.
1

1.
7

0.
47

0.
5

0.
08

0.
06

0.
10

0.
31

0.
01

4
0.

60
0.

00
1

0.
92

P
21

9
27

22
7.

0
1.

4
20

8
0.

4
0.

11
0.

4
0.

10
0.

06
0.

60
0.

04
0.

95
0.

10
0.

00
3

1.
09

Pb
42

14
11

1.
5

0.
2

3.
0

5.
4

1.
3

15
.8

0.
2

0.
06

2.
6

0.
28

0.
38

0.
27

0.
06

0.
99

Sr
94

0.
6

4
0.

3
0.

3
43

19
3.

9
31

0.
1

0.
06

17
1.

8
0.

96
0.

30
0.

93
0.

33
0.

04
0.

00
3

1.
30

U
6.

0
3.

4
1.

11
0.

55
0.

08
0.

03
0.

17
0.

03
N

A
0.

02
0.

03
1.

00
0.

3
0.

2
N

A
0.

40
0.

18
0.

58

Z
n

5.
0

2.
6

2.
2

0.
6

0.
2

0.
3

0.
5

0.
1

1.
3

0.
04

0.
02

0.
5

0.
35

0.
26

0.
44

0.
10

1.
15

SO
4

2,
91

8
1,

85
0

49
8

69
9

13
0

19
2

37
24

25
(3

)
0.

35
0.

01
0.

17
0.

83
1.

36

m
C

i
m

C
i

m
C

i
m

C
i

m
C

i
m

C
i

m
C

i
m

C
i

m
C

i
m

C
i

m
C

i
m

C
i

m
C

i
m

C
i

m
C

i
60

C
o

3.
6E

-2
2.

3E
-2

2.
0E

-2
7.

6E
-3

1.
4E

-3
3.

1E
-4

2.
1E

-4
4.

6E
-5

3.
8E

-3
3.

7E
-4

9.
7E

-5
2.

3E
-4

8.
1E

-5
5.

6E
-5

3.
1E

-4
0.

29
0.

10
0.

56
0.

00
9

0.
96

13
7 C

s
6.

0E
-2

4.
1E

-2
3.

8E
-2

1.
4E

-2
3.

0E
-3

1.
3E

-3
2.

1E
-4

3.
6E

-5
2.

8E
-5

7.
7E

-4
2.

1E
-4

6.
6E

-5
5.

7E
-6

5.
5E

-6
9.

7E
-6

0.
33

0.
00

0.
62

0.
00

02
0.

96
15

4 E
u

2.
4E

-2
3.

4E
-3

1.
6E

-3
4.

4E
-4

6.
3E

-5
4.

6E
-4

7.
5E

-5
2.

3E
-2

1.
6E

-5
2.

4E
-5

8.
7E

-4
1.

8E
-4

8.
3E

-5
1.

1E
-4

0.
09

0.
94

0.
07

0.
00

5
1.

10
15

5 E
u

1.
7E

-2
2.

5E
-3

1.
1E

-3
3.

0E
-4

2.
1E

-5
3.

4E
-4

5.
1E

-5
1.

6E
-2

1.
1E

-5
1.

5E
-6

6.
0E

-4
1.

3E
-4

7.
9E

-5
6.

4E
-5

0.
09

0.
94

0.
07

0.
00

4
1.

09
24

1 A
m

8.
7E

-3
1.

2E
-3

6.
9E

-4
1.

6E
-4

1.
7E

-5
3.

2E
-5

1.
5E

-4
2.

3E
-5

8.
4E

-3
7.

5E
-6

1.
6E

-6
2.

0E
-4

5.
4E

-5
3.

8E
-5

2.
6E

-5
0.

08
0.

96
0.

08
0.

00
3

1.
12

99
T

c
4.

3E
-2

3.
1E

-2
2.

5E
-2

9.
2E

-3
1.

7E
-3

4.
2E

-4
1.

8E
-4

3.
8E

-5
1.

4E
-3

4.
9E

-4
1.

3E
-4

1.
1E

-4
2.

8E
-5

1.
8E

-5
N

A
0.

28
0.

03
0.

58
0.

10
0.

90
23

7 N
p

3.
1E

-5
1.

3E
-5

6.
3E

-6
2.

3E
-6

1.
1E

-7
1.

3E
-5

8.
4E

-8
1.

4E
-8

3.
4E

-6
4.

3E
-7

2.
7E

-7
N

A
0.

22
0.

41
0.

21
0.

17
0.

83
23

9 Pu
1.

1E
-3

3.
8E

-4
2.

2E
-4

7.
1E

-5
1.

1E
-5

1.
1E

-5
3.

3E
-6

6.
4E

-4
2.

8E
-6

4.
4E

-7
8.

2E
-5

2.
1E

-5
1.

2E
-5

N
A

0.
20

0.
58

0.
20

0.
02

0.
98

90
Sr

1.
8E

-1
4.

4E
-3

1.
2E

-3
2.

4E
-3

1.
5E

-3
3.

4E
-1

8.
4E

-2
5.

6E
-3

2.
6E

-1
3.

2E
-5

1.
9E

-5
1.

3E
-5

4.
4E

-4
2.

6E
-4

2.
39

1.
42

0.
01

3.
82

1)
Fr

ac
tio

na
l r

ec
ov

er
ie

s 
fo

r 
C

a 
an

d 
B

a 
in

cl
ud

e 
th

e 
ad

de
d 

C
a 

an
d 

B
a 

as
 w

el
l a

s 
th

at
 o

ri
gi

na
lly

 p
re

se
nt

 in
 th

e 
A

ct
ua

l A
N

-1
07

 f
ee

d.
2)

A
na

ly
te

 c
om

po
si

tio
n 

in
 B

aS
O

4 
w

as
 b

y 
di

ff
er

en
ce

 fo
r 99

T
c,

23
7 N

p,
 a

nd
 23

9 Pu
.

3)
T

he
 g

iv
en

 s
ul

fa
te

 v
al

ue
 w

as
 n

ot
 m

ea
su

re
d 

bu
t i

s 
pr

ov
id

ed
 b

as
ed

 o
n 

th
e 

B
a 

va
lu

e 
an

d 
st

oi
ch

io
m

et
ri

c 
B

aS
O

4 
co

m
po

si
tio

n 
an

d 
co

ul
d 

be
 b

ia
se

d 
hi

gh
.

N
ot

e:
 N

A
 in

di
ca

te
s 

no
t a

na
ly

ze
d 

em
pt

y 
sp

ac
es

 in
di

ca
te

 n
on

-d
et

ec
te

d 
an

al
yt

es
.



3.12

3.4 Metathesis with BaCO3

Batch contact of the Archive 1 AN-107 material directly with the BaCO3 resulted in no detectable 
change from the starting sulfate concentration of 0.041M over the wide range of BaCO3:SO4

molar ratios.  Contact with Ca-pretreated Archive 2 AN-107 (Ca:CO3 equal to 0.93:1) also 
resulted in no measurable sulfate concentration change, despite the drop in carbonate 
concentration from 0.7M to 0.25M.   Under these processing conditions, metathesis did not occur 
to any measurable extent.  Contact at elevated temperature might yield more favorable results.



4.1

4.0 Conclusions

Direct addition of Ba2+ to AN-107 tank waste solutions overwhelmingly favors BaCO3 over 
BaSO4 formation.  Even a 5:1 Ba:SO4 mole ratio addition resulted in inconsequential sulfate 
removal in this matrix.  It was found that by dropping the carbonate concentration from nominally 
0.7M to 0.2M, Ba2+ addition did result in significant sulfate removal.  This gross carbonate 
removal was effected by an initial Ca2+ pre-strike of 1:1 mole ratio of Ca:CO3.  This corresponds 
to a carbonate concentration reduction from 16 times to 6 times that of the sulfate concentration 
(0.2M CO3

2- and 0.032M SO4
2-) and is enough to favor the reaction forming BaSO4 over BaCO3

upon addition of Ba2+.  Using an initial 1:1 Ca:CO3 mole ratio addition in conjunction with the 
follow-on 1:1 mole ratio Ba:SO4 addition, 70% sulfate can be removed from AN-107.

Calcium addition, to effect carbonate removal, has significant drawbacks.  The volume associated 
with the 1:1 Ca:CO3 precipitate is large, consuming nominally 35% by volume (including 
interstitial liquids) after filtering.  The settling rate for CaCO3 in the Actual AN-107 matrix is 
extremely slow.  Upon standing for approximately 2 days, the slurry virtually solidifies.
However, while still fluid, the CaCO3 slurry can be filtered at reasonable rates.

Both Ba(NO3)2 and Ba(NO2)2 were tested and are equally effective for sulfate removal.  Because 
the latter has a higher solubility (2.9M as opposed to 0.33M), the use of Ba(NO2)2 results in a 
smaller volume increase, i.e., less waste production, than the Ba(NO3)2.  There is no indication 
that the source of soluble Ba2+ impacts the precipitation behavior.

The BaSO4/BaCO3 precipitate has relatively favorable processing characteristics.  The precipitate 
volume is much smaller and less flocculent than the CaCO3, and it settles rapidly.  Upon standing, 
the slurry does not solidify, but remains fluid.  The precipitate can be filtered at reasonable rates 
and does not appear to cause filter clogging.

Metathesis of BaCO3 to BaSO4 at room temperature in the AN-107 matrices tested is not 
measurably successful.  Initial gross carbonate removal from the AN-107 matrix also has no 
effect on sulfate removal by metathesis.
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Appendix A:  Test Instruction BNFL-TI-29953-061 and 
Analytical Reports for Sample Analysis
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Appendix B:  Test Instruction BNFL-TI-29953-064 and 
Supporting Analytical Data
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Appendix C:  Test Instruction BNFL-TI-29953-071 and
Supporting Analytical Data
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Figure C.1.  CaCO3 Slurry Settling Test at T=2 Hours



Figure C.2.  BaSO4 Slurry Settling Test at T=2 Hours
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