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Summary

BNFL Inc. is evaluating various pretreatment technologies to mitigate the impacts of sulfate on the 
LAW vitrification system.  One pretreatment technology for separating sulfate from LAW solutions 
involves the use of SuperLig 655 (SL-655), a proprietary ion exchange material developed and 
supplied by IBC Advanced Technologies, Inc., American Fork, UT.  This report describes testing of 
SL-655 with diluted ([Na]  5 M) waste from Hanford Tank 241 -AN-107 at Battelle, Pacific 
Northwest Division. 

Batch contact studies were conducted from 4 to 96 hours to determine the sulfate distribution 
coefficient and reaction kinetics.  A small-scale ion exchange column test was conducted to evaluate 
sulfate removal, loading, breakthrough, and elution from the SL- 655.  In all of these tests, an 
archived 241-AN-107 tank waste sample (pretreated to remove Cs, Sr, and transuranics elements) was
used.  The experimental details and results are described in this report. 

Under the test conditions, SL- 655 was found to have no significant ion exchange affinity for sulfate 
in this matrix.  The batch contact study resulted in no measurable difference in the aqueous sulfate 
concentration following resin contact (Kd  0).  The column test also demonstrated SL - 655 had no 
practical affinity for sulfate in the tested matrix.  Within experimental error, the sulfate concentration 
in the column effluent was equal to the concentration in the feed after passing 3  bed volumes of 
sample through the columns.  Furthermore, some, if not all, of the decreased sulfate concentration in 
these first three column volumes of effluent can be ascribed to mixing and dilution of the 
241-AN-107 feed with the interstitial liquid present in the column at the start of the loading cycle.
Finally, ICP-AES measurements on the eluate solutions showed the presence of barium as soon as 
contact with the feed solution is completed.  Barium is a metal not detected in the feed solution.
Should the loss of barium be correlated with the resin’s ability to selectively complex sulfate, then 
maintaining even the current limited resin characteristics for sulfate complexation over multiple 
cycles becomes questionable.
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Terms, Symbols and Abbreviations

BNFL BNFL, Inc; subsidiary of British Nuclear Fuels, Ltd
BV bed volume
C concentration
Co initial concentration
GEA gamma energy analysis
IC ion chromatography
ICP inductively-coupled plasma optical emission spectrometry
Kd distribution coefficient
LAW low-activity waste
L/D length:diameter ratio
MRQ minimum reportable quantity
NMRQ no minimum reportable quantity
RPL Radiochemical Processing Laboratory
SAL Shielded Analytical Laboratory
SL-655 SuperLig 655 resin
TOC total organic carbon
TIC total inorganic carbon
TRU transuranic
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Units

oC degrees celsius or centigrade
cm centimeter
M molarity, moles per liter
meq milliequivalent
µCi microCuries
µg micrograms
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 presents the results of a series of experiments conducted by Battelle, Pacific Northwest 
Division to evaluate the use of ion exchange with SuperLig 655 (SL-655) for sulfate ion removal 
from the waste currently stored in tank 241-AN-107 (referred to hereafter as AN-107).   SL-655 is a 
developmental material prepared by IBC Advanced Technologies Inc.  The resin incorporates a 
divalent cation (proprietary) as an exchange site for sulfate ion as it replaces two nitrate ions in the 
loading stage.  The theoretical capacity of SL-655 is 0.8 meq sulfate per gram of dry resin.  The test 
matrix used was an archived sample of actual AN-107 tank waste pretreated to remove Sr, Cs, and 
transuranic elements (TRU). The AN-107 waste is categorized as LAW Envelope C waste.  Batch 
contacts and small-scale column testing were conducted in order to evaluate Kds, column loading and 
elution characteristics, and physical properties of the eluates and effluents as delineated in the BNFL 
test specification.1  This report summarizes the results of these studies.

1 Test Specification for Evaluating Sulfate Separation from LAW Solutions, Rev. 0, September 13, 1999, 
TSP-W375-99-00012. Rev. 0.
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2.0 TEST CONDITIONS AND EXPERIMENTAL 
PROCEDURES

2.1 Preparation of the AN-107 Test Sample

Testing was conducted with a sample of 241-AN-107 tank waste archived after previous examination
(Hendrickson et. al., 1997).  This sample was originally obtained as a grab sample in January of 1997.
It was diluted with 0.53 M NaOH to approximately 5 M Na and 0.24 M OH-.  Cesium was removed 
using a crystalline silico-titanate ion exchanger.  Following Cs removal, the free hydroxide measured 
0.126 M.  The cesium-decontaminated samples were transferred to the Radiochemical Processing 
Laboratory (RPL) and were archived in the Shielded Analytical Laboratory (SAL).  A 1-L aliquot of 
this archived material was processed for Sr/TRU removal using 1 M Sr(NO3)2 and 1 M NaMnO4

solutions (Hallen et al., 2000).  After decontamination, the archive AN-107 could be contact-handled
in a fume hood.  The archive AN-107 feed composition is given in Table 2.1.  The density of the 
AN-107 feed solution was determined to be 1.22 g/mL.

2.2 SuperLig® 655

Battelle received SuperLig® 655 (IBC Advanced Technologies, Inc. American Fork, Utah) material 
from batch 990805DHC-8-030 suspended in 0.25 M NaNO3.  An F-factor (the fraction of the resin’s 
dry weight to the as-received material) of 0.454 was experimentally determined using duplicate 
aliquots of ca. 2.8-g resin that were weighed, dried at 95°C, and re-weighed.

2.3 Batch Contacts

The batch contact study was conducted according to the Test Plan BNFL-29953-056.2 As-received
SL- 655 was taken and the particles drained to a damp dryness.  Nominally 0.33 g samples of the 
damp SL-655 (possessing an estimated ca. 0.12 meq. sulfate capacity per test sample) were weighed 
into tarred glass vials.  To these resin aliquots, 5-mL aliquots (containing an estimated ca. 0.2 meq. 
sulfate) of archived AN-107 solution were added and the slurries were agitated for 4, 8, 16, 24, 72, 
and 96 hours.  An archive AN-107 blank (no added resin) was similarly prepared and the test samples 
agitated for 96 hours.  The temperature was not controlled but the temperatures at the beginning 
(nominally 22.7°C) and the end (22.7°C to 28.7°C) of the agitation process were recorded.  A 
summary of resin masses, AN-107 masses, contact times, and temperatures is provided in Table 2.2.
After agitation was complete, the samples were filtered through 0.2-0.8-µm syringe filters and the 
filtrate submitted for sulfate analysis by ion chromatography.

2.4 Small-scale Ion Exchange Column Testing

The ion exchange study was conducted according to the Test Plan BNFL-29953-054.3  A slurry of the 
SL-655 resin in aqueous 0.25 M NaNO3 was loaded into a column providing a resin bed 2.5-cm
diameter by 5.75 cm high (L/D =2.3 with an approximate volume of 29 mL).  A schematic of the ion 
exchange system is provided in Figure 2.1.  The processing steps, solution matrices, volumes, and
flow rates are summarized in Table 2.3.  All processing was conducted at room temperature, 23.8°C.

2 BNFL-29953-056, Rev. 0, Batch Contact Test Instructions for SL-655 and Archive AN-107 Sample, 9/16/99.
3 BNFL-29953-054, Rev. 0, Test Instructions for Sulfate Removal Column Testing Using Envelope C (AN-107
Archive) Solution, 9/10/99.
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Table 2.1.  241-AN-107 Feed Composition

Concentration MRQ Concentration MRQ
Analyte µg/mL µg/mL Analyte µCi/mL µCi/mL

Cr 13 15 Cs-137 2.67E-02 9.00E+00
TOC 14,000 1500 Tc-99 5.61E-02 1.50E-03
TIC 6800 1500 Additional opportunistic analytes
Cl 930 3000 Sr-90 6.87E-01 NMRQ
F(1) 3600 1500 Am-241 4.52E-03 NMRQ
PO4 1400 2500 Total alpha 5.13E-03 NMRQ
SO4 3920(2) 2300 Co-60 5.72E-02 NMRQ
Additional opportunistic analytes Sb-125 5.62E-04 NMRQ

Al 133 NMRQ SnSb-126 2.87E-04 NMRQ
B 21 NMRQ Cs-134 <2E-4 NMRQ
Ba <1 NMRQ Eu-154 1.10E-02 NMRQ
Ca 162 NMRQ Eu-155 7.95E-03 NMRQ
Cd 26 NMRQ
Co [2.1] NMRQ
Fe 3 NMRQ
K 723 NMRQ
La <0.5 NMRQ
Mg <1 NMRQ
Mn [2.1] NMRQ
Mo 15 NMRQ
Na 114,200 NMRQ
Nd [1.3] NMRQ
Ni 222 NMRQ
P 203 NMRQ

Rh [5] NMRQ
Ru [15] NMRQ
Si 101 NMRQ
Sn <15 NMRQ
Sr 91 NMRQ
Ti <0.3 NMRQ
U [41] NMRQ
W [73] NMRQ
Y <0.5 NMRQ
Zn 6 NMRQ
Zr [1.2] NMRQ

NO2 28,000 NMRQ
NO3 111,000 NMRQ

Uncertainties typically do not exceed +/-15% (2-σ).
Note: bracketed values indicate uncertainties greater than +/-15% (2-σ).

1) Fluoride concentration is suspect because of retention time shift and peak shape anomaly
2) Based on an average of 5 determinations.
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Table 2.2.  SuperLig® 655 Batch Contact with 241-AN-107

SuperLig®

655 mass
AN-107

mass
Contact

time Start temp. End temp.

Vial ID (g) (g) (h) (oC) (oC)

AAN-C 0.0 6.1655 96 NR 28.0
AAN55-04 0.3305 6.1933 4 22.7 23.9
AAN55-08 0.3300 6.2000 8 22.7 28.7
AAN55-16 0.3299 6.1733 16 NR 22.7
AAN55-24 0.3299 6.1725 24 NR 28.7
AAN55-72 0.3305 6.2380 72 24.0 28.0

AAN55 0.3304 6.1883 96 NR 28.0
AAN55-D 0.3287 6.1962 96 NR 28.0

NR: not recorded

Table 2.3.  Summary of Ion Exchange Column Processing Steps

Total Volume, 
Column Volumes

(mL)

Flow Rate in Column 
Volumes per Hour (mL/hr)

Process Step Solution
target actual target actual

Column
Preparation

0.1M NaOH + 
0.25M NaNO3

3 (90) 3 (90) 3 (90) 3.1 (90)

Loading AN-107 Feed 10 (300) 11.2 (327) 3 (90) 3.0 (88)
Feed
Displacement

0.1M NaOH + 
0.25M NaNO3

2 (60) 2.0 (59.5) 3 (90) 3.0 (88)

Column
Washing

0.25M NaNO3 2 (60) 2.1 (60) 3 (90) 3.1 (89)

Elution 0.5M HNO3 10 (300) 10.7 (310) 1 (30) 1.1 (31)
Elution Rinse 0.25M NaNO3 2 (60) 2.1 (62) 1 (30) 1.1 (31)
Regeneration 0.1M NaOH + 

0.25M NaNO3

2 (60) 2.1 (60) 3 (90) 3 (90)

NOTE: The column volume is based on a resin bed volume of 29.1 mL with a height 5.75 cm.
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The column was initially conditioned with 90-mL (3 column volumes) of a solution consisting of 
0.1 M in NaOH and 0.25 M in NaNO3.   Next, the resin was loaded with 327-mL of AN-107.
Throughout the sample loading stage, 15-mL increments (0.5 column volumes) of the column effluent 
were collected.  Some leakage around the top and bottom o-rings on the column was observed.  The 
leakage at the bottom was collected while the leakage at the top was collected above the adjustable 
plunger.  After sample loading was complete, the sample bed height measured 5.5-cm. The 15-mL
column effluent samples were sub-sampled for sulfate analysis.  The remaining fractions were 
combined and sub-sampled for GEA, 90Sr, 99Tc, TOC, TIC, IC and Cr.  The TOC, TIC, 99Tc, and 
several 90Sr analyses were later cancelled per request by BNFL.

Following completion of the resin loading with AN-107, a column feed displacement solution 0.1 M 
in NaOH and 0.25 M in NaNO3 was passed through the SL-655 resin bed and the effluent collected in 
two 15-mL fractions followed by two 30-mL fractions.  Next, a column wash using 0.25 M NaNO3

was collected in two 30-mL fractions.  The first 15-mL feed displacement fraction was analyzed only 
by IC.  The remaining feed displacement and column wash fractions were analyzed by GEA, IC and 
ICP.

To remove any remaining sulfate on the column the SL-655 resin next was eluted with ten, ≈30-mL
volumes of 0.5 M HNO3.  Each of these volumes was collected separately.  During this initial elution 
process, the column plugged and went completely dry.  The column plugging was attributed to the 
leakage of feed during the loading step around the adjustable plunger at the top.  This feed appeared 
to drain back into the column where it was neutralized by the acid, resulting in precipitation of some 
of the dissolved metals which plugged the column. The plug was removed and the air bubbles in the 
resin bed were removed with a plastic Pasteur pipette causing some resin bed mixing.  This incident 
most affected the first two elution fractions.  Some leakage at the bottom of the column also occurred 
during this elution step and was repaired.  Sub-samples of each elution fraction were analyzed by 
GEA, IC, and ICP.  The remaining elution sample fractions, excluding the first and second, were 
combined and submitted for ICP, GEA, IC, and 90Sr analyses.  The TIC, TOC, total alpha, and 99Tc
analyses were cancelled per request by BNFL.

The column was finally rinsed with two, ≈30-mL volumes 0.25 M NaNO3, with the eluate being 
collected in two 30-mL increments.  The two samples were analyzed by GEA, IC and ICP.  Finally, 
the column was regenerated with two 30-mL volumes of a solution 0.1 M in NaOH and 0.25 M in 
NaNO3.  This effluent was collected in a single container.
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3.0 RESULTS AND DISCUSSION

3.1 Batch Contact Kd Study

Within experimental error, the sulfate concentration did not change from the initial sulfate 
concentration of 3920 µg/mL, even after a 96-hour contact time with SL-655 resin.   For all contacts 
the average final sulfate concentration was 3900 ± 47 µg/mL (1 standard deviation).  The initial and 
final aqueous sulfate concentrations are essentially equal, and thus the measured sulfate Kds become 
effectively 0, as described by the following formula:

Kd  =  (Co – C) x V , (3.1)
           C mr

where Co = initial aqueous sulfate concentration, C = final aqueous sulfate concentration, V =
solution volume, and mr = dry resin mass.

From the uncertainty associated with the IC measurements, a maximum possible Kd can be estimated.
The uncertainty associated with the IC analysis is claimed to be 15% or less.  Assuming, then, that the 
final aqueous sulfate concentration is 15% less than the initial aqueous concentration and that this 
difference is bound up in the resin (which would correspond to only 25% of the resin’s capacity), the 
application of equation 3.1 would lead to a maximum possible Kd of only about 6.

3.2 Ion Exchange Column Test

The sulfate concentration during the AN-107 loading phase was monitored for each half-column
volume (15-mL).  The sulfate loading/breakthrough curve, as determined by the concentration/initial
concentration ratio (C/Co) as a function of column volume, is given in Figure 3.1.  The sulfate 
concentration changes only in the initial loading stages through the first 2 column volumes.  This 
decrease in sulfate concentration is probably attributable to simple mixing of the sulfate containing 
AN-107 feed with the non sulfate containing column conditioning solution of 0.1 M NaOH/0.25 M 
NaNO3.  After the initial loading stages, the sulfate concentration remained consistent with the feed 
sulfate concentration (within the error of the analytical method), indicating that no exchange onto the 
column resin was taking place.

The subsequent feed displacement samples manifested reduced sulfate concentrations consistent with 
sample dilution in the effluent.  The first column volume of 0.5 M HNO3 elution resulted in a spike in 
sulfate concentration.  This could indicate the stripping of a small amount of sulfate exchanged onto 
the resin during the loading phase.  The amount of stripped sulfate is small, coming to only about 
0.1 meq. of sulfate ion, which is only the amount of sulfate contained in about 2.6 mL or 0.089 
column volumes of the AN-107 feed solution with a sulfate concentration of 3900 µg/mL.  The 
sulfate concentration changes during the various parts of this column test are illustrated in Figure 3.2, 
which shows the sulfate concentration found in solution relative to the feed sulfate concentration.

Other measured analytes displayed similar behavior relative to loading and recovery. Analyte 
concentrations (C) and C/Co (where Co is the AN-107 feed concentration) are shown in Table 3.1. The
column effluent concentrations are virtually identical to the AN-107 feed concentrations (Table 3.1) 
and the C/Co values are close to 1.0.  The ICP analysis shows that a significant amount of Ba was 
eluted with the 0.5 M HNO3, leveling off at a nominal concentration of ca. 200 µg/g-eluate.  Because 
Ba was not significantly present in the AN-107 load solution, the most likely source of the Ba must 



3.2

be from the SL-655.  During the load stage, Ba appears to have remained with the ion exchange resin.
However, even during the feed displacement and column wash stages, detectable quantities of barium 
were observed in the eluate.  Iron and manganese also eluted from the column in higher 
concentrations than the load solution.  No evidence for any significant retention of the radionuclides 
137Cs, 90Sr and 241Am was observed.  Not all column volume fractions are represented in the table, 
however analytical details of these samples can be found in Appendix B.

Figure 3.1.  Sulfate Concentration Changes During Loading of Superlig® 655 Resin with an Archived 
Waste Sample from Tank AN-107
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Eluent A represents Feed Displacement solution 0.25 NaNO3-0.25M NaOH.
Eluent B represents Column Wash solution 0.25M NaNO3.
Eluent C represents Elution solution 0.5M HNO3.
The first 10 column volumes consisted of the AN-107 loading.

Figure 3.2.  Sulfate Concentration Profiles in Eluates Relative to Feed Sulfate Concentration
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4.1

4.0 CONCLUSIONS

The SL-655 resin was ineffective in removing sulfate from an archived sample of waste from tank 
AN-107.  Both batch contact  and small column tests indicate that insignificant quantities of sulfate 
from 241-AN-107 are bound by the SL-655.  Taking into account the precision of the sulfate 
analyses, the sulfate batch Kd values for of SL-655 are determined to be between 0 and 6 and the 
column tests indicate that no more than 0.09 column volumes of sulfate of the 10 column volumes of 
AN-107 feed passed through the system were retained by the resin.  In addition, the elution of 
significant quantities of barium from the SL-655 during the process is troubling.  If the assumption is 
made that the presence of one equivalent of barium in the resin is required to bind one equivalent of 
sulfate, then the capacity equivalent of 0.25 grams of dry resin was lost in this one test cycle.

Finally, it should be noted that, if the performance of SL-655 is tied to the affinity of Ba for sulfate, 
the poor results shown in the batch and column tests are consistent with the results from concomitant 
studies examining selective precipitation of sulfate by barium from the same 241-AN-107 solution.
In these precipitation tests, the presence of large amounts of carbonate in the AN-107 solution were 
shown to inhibit barium precipitation of sulfate, even when Ba:sulfate ratios were significantly 
greater than were employed in this study.  However, a much more effective precipitation of sulfate 
from carbonate depleted AN-107 solutions was observed.  Should there be any interest in trying to 
further apply SL-655 to sulfate removal of Hanford tank supernatants, an initial processing step to 
remove carbonate might enhance column performance. 



5.1

5.0 REFERENCES

Hallen, R. T., K. P. Brooks, and L. Jagoda.  2000. Demonstration of the Sr/TRU Removal Process 
with Archived AN-107 Waste, BNFL-RPT-026, PNWD-3033, Battelle, Pacific Northwest Division, 
Richland, Washington.

Hendrickson, D.W.  1997. Hanford Complexant Concentrate Cesium Removal Using Crystalline 
Silicotitanate, SESC-EN-RPT-005,  SGN Eurisys Services Corporation Richland, Washington.



APPENDIX A



A.1

Appendix A:  Test Instructions
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Appendix B:  Analytical Data
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C.1

Appendix C:  Sample Spreadsheets
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