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Development of an Improved Titanate-Based Sorbent for
Strontium and Actinide Separations under Strongly Alkaline

Conditions

D. T. Hobbs, T. B. Peters, K. M. L. Taylor-Pashow, and S. D. Fink
Savannah River National Laboratory, Savannah River Nuclear Solutions LLC, Aiken, SC

High-level nuclear waste produced from fuel reprocessing opera-
tions at the Savannah River Site (SRS) requires pretreatment to
remove **137Cs, °°Sr, and alpha-emitting radionuclides (i.e., acti-
nides) prior to disposal onsite as low level waste. The separation
processes at SRS include the sorption of **Sr and alpha-emitting
radionuclides onto monosodium titanate (MST) and caustic side sol-
vent extraction of '¥’Cs. The MST and separated '*’Cs is encapsu-
lated along with the sludge fraction of high-level waste (HLW) into
a borosilicate glass waste form for eventual entombment at a federal
repository. The predominant alpha-emitting radionuclides in the
highly alkaline waste solutions include plutonium isotopes *>*Pu,
239py, and *’Pu; 237Np; and uranium isotopes, 235U and #*®U. This
article describes recent results evaluating the performance of an
improved sodium titanate material that exhibits increased removal
Kinetics and capacity for *’Sr and alpha-emitting radionuclides
compared to the current baseline material, MST.

Keywords alkaline waste; ion exchange; ionic strength;
neptunium; peroxotitanate; plutonium; temperature;
uranium

INTRODUCTION

Monosodium titanate (MST) is an inorganic sorbent
material that exhibits high selectivity for strontium and
actinide elements in the presence of strongly alkaline and
high sodium containing salt solutions. This material cur-
rently serves as the baseline sorbent for the removal of
%9Sr and alpha-emitting radionuclides from HLW at the
Savannah River Site (SRS) (1-5). Deployment of this
material occurs by a batch adsorption process in which
the MST is added at a concentration of 0.4gL ™" to waste
solution and mixed for 24 hours. The MST solids and any
entrained sludge solids are separated from the waste sol-
ution by ultrafiltration. The filtrate moves on to the cesium
separation process. The MST solids are washed to reduce
the soluble salt content in the interstitial liquid and then
are transferred to the Defense Waste Processing Facility
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(DWPF) for incorporation into a highly durable
borosilicate glass wasteform.

The performance of MST to efficiently and rapidly
remove alpha-emitting radionuclides serves as the limiting
factor in operational throughput for the pretreatment
facilities. Higher alpha activities are projected for the Salt
Waste Processing Facility (SWPF) and Actinide Removal
Process (ARP) operations as a result of initiatives to accel-
erate the disposal of HLW at the SRS. Due to the limited
solubility of titanium in HLW borosilicate glass, there are
limits on the amount of MST that can be used in SWPF
and ARP facilities (6). Thus, acceleration of waste disposal
at SRS requires materials that exhibit increased loading
capacities and removal kinetics for *°Sr and alpha-emitting
radionuclides compared to the baseline material, MST.

Recent studies identified a promising new family of
peroxotitanate materials with improved strontium and
actinide removal characteristics (7). Compared to the base-
line MST material, the new peroxotitanate materials,
referred to as modified MST or mMST, exhibit higher
batch capacities and kinetics for the separation of stron-
tium and actinides from alkaline waste solutions (7-9).
Consequently these materials offer the opportunity to
reduce sorbent use and increase throughput in processing
facilities. This article describes recent results from the
ongoing development of this new material for strontium
and actinide separations from the strongly alkaline SRS
nuclear waste solutions.

EXPERIMENTAL
Preparation of MST and mMST

The MST used in these studies was prepared using a
sol-gel process developed at the Savannah River National
Laboratory (SRNL) and supplied by Optima Chemical
Group LLC (Douglas, GA, Lot #00-QAB-417) as a
15 wt% suspension in water containing 0.10-0.15M NaOH
and 100-150mgL~" NaNO, (4). Modified monosodium
titanate (mMST) used in these studies was prepared by
the post-synthesis treatment of MST. The details of this
procedure have been previously published (7). Bench-scale
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quantities of the mMST were prepared using 25 grams of
the Optima-supplied MST. Optima Chemical Group LLC
(Douglas, GA) also produced a pilot-scale quantity
(15kg) of mMST, Lot #06-QAB-0139, as a 15 wt% suspen-
sion in water using the same conditions as used for the
bench-scale preparations.

Preparation of Simulated Waste Solutions

All solutions were prepared using reagent grade chemi-
cals and ultrapure water (MilliQ Element). Table 1 provides
a summary of the compositions for the simulated waste solu-
tions used in the performance testing. Prior to the addition
of sodium carbonate to the simulated waste solution, the
sodium carbonate was dissolved in ultrapure water and con-
tacted with MST for a minimum of 48 hours to remove any
tramp strontium. Radioactive components included *Sr
and 37Cs radiotracers (Perkin Elmer Life Sciences, Boston,
MA), uranyl nitrate hexahydrate (Mallinckrodt, Phillips-
burg, NJ), and nitric acid solutions of plutonium(IV) and
neptunium(V), which derive from plutonium and nep-
tunium production operations at the Savannah River Site.
After assembling, the solutions were allowed to mix for
1-3 weeks at ambient room temperature using a magnetic
stirrer. After this equilibration time, we filtered the solutions
through a 0.45-micron nylon-membrane filter to remove any
undissolved solids. The filtrates were stored in
tightly-stoppered, high density polyethylene (HDPE) bot-
tles at ambient laboratory temperature.

Batch Contact Tests with Simulated Waste Solutions
Strontium and actinide removal testing with the simu-
lant occurred at 25 4 2°C with sorbent concentrations ran-
ging from 0.1 gL' to 0.8 gL~'. Test bottles were shaken at
175rpm in an orbital shaker/waterbath. Sampling of the
test bottles occurred at varying times of contact. Prior to
sampling the test bottles, the bottles were manually agi-
tated to obtain a representative sub-sample of both the
solids and solutions. The samples were filtered through
0.45-um nylon, 0.10-pm polyvinylidene fluoride (PVDF),
or 0.10-um polytetrafluoroethylene (PTFE) membrane syr-
inge filters to remove MST solids. A measured amount of
the filtrate was acidified with an equal volume of 5 M nitric
acid solution, mixed well, and allowed to stand with
occasional mixing for a minimum of 2 hours (typically
overnight) before radiochemical analyses. Gamma spec-
troscopy measured the ®>Sr and *’Np content while alpha
spectroscopy measured the total alpha activity. The
238.239.240py content was analyzed by radiochemical separ-
ation of the plutonium followed by alpha counting of the
extracted plutonium. Selected isotopes including **38Sr,
Z3Np, 2*924°Pu, and *>?**U were also measured by induc-
tively coupled plasma mass spectrometry (ICP-MS).
Testing was also performed with simulated waste
solution at different temperatures and ionic strengths.
The compositions of these simulants are shown in
Table 1. The effect of temperature testing used Simulant

TABLE 1
Composition of simulants used in mMST performance testing

Solution ID

Simulant A (4.5M Na) Simulant B (5.6 M Na) Simulant C (6.5M Na) Simulant D (5.6 M Na)

Component Measured Uncertainty Measured

Uncertainty Measured Uncertainty Measured Uncertainty

137Cs (dpm/mL)
85Sr (dpm/mL)

Sr (ug/L) (ICP-MS)
Pu (ug/L) (PuTTA)

>'Np (ug/L)
(ICP-MS)

7.22E+04 1.03E403 7.48E+04
1.84E4+05 294E+03 7.01E+04
1.16E+03 7.51E4+01 1.03E+403
2.96E+02 6.75E4+00 2.31E+402
4.65E4+02 9.24E+00 4.99E+02

U (pg/L) (ICP-MS) 1.11E+04 1.21E+02 1.02E+04
AI(M) (ICP-ES) 3.60E-01  3.60E-02 nd
AI(M) (titration) 3.91E-01 391E-02 5.13E-01
Free OH (M) 1.08E400 1.08E-01  1.30E+00
CO; (M) 2.37E-02  2.37E-03  3.50E-02
NO, (M) 1.16E-01  1.16E-02 1.39E-01
NO; (M) 2.18E400 2.18E-01  2.58E+00
SO, (M) 4.01E-01 4.01E-02 5.15E-01
Na (M) (ICP-ES) 4.92E+00 4.92E-01 4.57E+00
Calculated Na (M)  4.58E4+00 4.60E-01  5.63E+00
Ionic Strength (M)  5.01E+00 - 6.18E4-00

1.33E+03 7.66E+04 248E+03 7.48E+404
1.29E+03 1.59E+05 5.36E+02 7.01E+4-04
1.I3E+02 6.59E+02 1.09E+02 9.66E+03
9.66E+00 3.34E402 2.77E4+01 7.26E+01

1.33E+03
1.29E+03
1.13E+02
9.66E+00

1.70E4+01 4.67E+02 9.02E+00 1.24E402 2.48E+01
2.71E+02 1.02E+04 1.40E+02 1.31E+04 2.61E+403
- 5.30E-01  5.30E-02 nd -
5.13E-02  5.58E-01 5.58E-02  5.13E-01  5.13E-02
1.30E-01  1.54E+00 1.54E-01  1.30E4-00 1.30E-01
1.75E-02  3.18E-02  3.18E-03  3.50E-02 1.75E-02
1.39E-02 1.65E-01 1.65E-02 1.39E-01 1.39E-02
2.58E-01 3.11E+00 3.11E-01 2.58E+400 2.58E-01
5.15E-02 599E-01 599E-02 S5.15E-01  5.15E-02
5.94E-01 7.13E400 7.13E-01 4.57E+00 5.94E-01

5.90E-01 6.61E4+00 6.60E-01

5.63E4+00 5.90E-01
7.24E4-00 -

6.18E+00

nd = not determined.
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B, which has a nominal sodium concentration of 5.6 M and
an ionic strength (Z) of 6.18 M. The ionic strength testing
used three simulants, Simulant A, Simulant B, and Simu-
lant C. These simulants had sodium concentrations of
4.5M, 5.6 M, and 6.5 M, respectively.

Prior to use in the effect-of-temperature experiments,
Simulant B was spiked with additional ®°Sr radiotracer to
bring the ¥Sr activity to approximately 1.2E + 05 dpm/mL.
Tests were carried out by placing 60 mL of the simulant into
each of the three clean HDPE bottles. The bottles were
tightly stoppered, and were placed in a waterbath-shaker
set to the appropriate temperature of 26, 45, or 66°C. After
incubating the sample bottles overnight at the preset tem-
perature, measured amounts of the mMST suspension were
added to two of the bottles. The quantity of suspension
added provided an mMST concentration of 0.2gL~". The
third bottle served as a control with no added sorbent. The
bottles were returned to the waterbath and were agitated
at 175 rpm for a total of 24 hours at the set temperature.

Aliquots from each test bottle were removed after
approximately 6, 12, and 24 hours following the mMST
addition. The aliquots were filtered through a 0.1-um
PTFE membrane syringe filter, collecting the filtrate in a
clean HDPE sample bottle. Acidified samples from each
aliquot were prepared for radiochemical analysis.

A similar procedure was used to conduct the effect of
ionic strength experiments using three of the simulants
described in Table 1. These experiments were carried out
at a constanttemperature of 25.94+0.1°C. Each simulant
was tested with both mMST (in duplicate) and baseline
MST, along with a control (no sorbent). The sorbent con-
centrations were 0.2gL~" and 0.4gL~' for mMST and
MST, respectively.

Batch Contact Tests with Actual Waste Solution

For testing with the actual waste, 100 mL of the filtered
and spiked tank waste (Table 2) was poured into test bot-
tles equipped with magnetic stirring bars. The test bottles
were placed into a temperature controlled waterbath
(254 3°C) and incubated overnight. Each bottle was then
removed from the waterbath, a pre-weighed amount of
the appropriate sorbent was added, and the test bottle
was returned to the waterbath. At the desired sampling
time, a 3-mL aliquot was removed from each test bottle, fil-
tered through a 0.1-um PVDF membrane syringe filter,
and the filtrate was collected in a clean sample bottle.
Portions (1.00 mL) of the filtered sample were then pipetted
into a second set of sample bottles containing 19 mL of 2 M
nitric acid. The acidified samples were shaken for approxi-
mately 15 seconds and then allowed to equilibrate with
occasional mixing for a minimum of 2 hours (typically
overnight) prior to analysis. The acidified samples were
analyzed to determine the following: 2%2%240py,
86.88.90Gr and actinides.

121

TABLE 2
Composition of the tank waste supernate sample
Standard
Analyte Unit Concentration Deviation
137¢s pCi/mL 2.26E+08 0
Sy pCi/mL 2.75E+04 2.8E+03
Total Sr ng/L 1.58E+03 3.2E+02
Total Pu ng/L 2.54E402 1.4E+01
(PuTTA)
Total Pu ng/L 2.06E+02 4.1E401
(ICP-MS)
ZNp ng/L 1.29E+02 2.6E401
Total U ng/L 1.02E+04 2.05E+03
Na M 5.48E+00 3.67E-01
OH~ M 2.10E+00 7.00E-02
NO; M 2.47E+00 1.51E-01
NO, M 6.48E-01 6.33E-03
AI(OH), M 4.23E-01 6.79E-03
CO3~ M 5.66E-01 7.85E-03
SO~ M 5.18E-02 1.01E-03
PO;~ M 2.17E-03 4.23E-05
F~ M bdl -
CI- M bdl -

bdl = below method detection level.

Reuse and Double Strike Testing

Reuse testing—i.c., tests involving multiple contacts of a
single aliquot of mMST with different solutions—were car-
ried out using Simulant D having the targeted chemical
composition and sorbate concentrations shown in Table 1.
Reuse and double strike tests were also performed using
actual waste supernate from a SRS waste tank. Analytical
results revealed that the tank waste sample was much lower
in °°Sr and alpha activity than expected given past studies
involving tank samples. Therefore, the composition of the
tank waste solution was adjusted to increase the plutonium
and strontium content to provide a more challenging
matrix for evaluating the MST performance characteristics
consistent with prior studies. Table 2 provides the mea-
sured composition of the tank sample after spiking with
strontium and plutonium.

RESULTS AND DISCUSSION
Performance Testing of mMST for Strontium and
Actinide Removal
Effect of Temperature

Testing to evaluate the effect of temperature over the
range of 26-66°C on the removal of strontium, plutonium,
neptunium, and uranium by 02gL~' of mMST was
conducted. The testing featured a simulated waste solution
having a 5.6 M sodium concentration (Simulant B) as
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FIG. 1. Plutonium concentration versus time upon contact of a simu-
lated waste solution with 0.2gL~" of mMST at 26°C (circles), 45°C
(squares), and 66°C (triangles).

shown in Table 1. Figures 1 and 2 provide the average plu-
tonium and 2*’Np concentrations, respectively, versus time
at each of the three temperatures. Table 3 provides a sum-
mary of the average decontamination factors (DF) for each
sorbate at each temperature from duplicate tests. The DF
value is calculated by dividing the initial sorbate concen-
tration by the sorbate concentration upon contact with
the sorbent for a period of time.

As previously reported for tests at 25°C, strontium, plu-
tonium, and neptunium removal proceeds rapidly, and is
more than 95% complete by the first sampling event at
six hours (8-10). Generally, small increases in sorbate
removal occurred in the latter two sampling events at 12
and 24 hours compared to that measured at 6 hours.
The most noticeable exception to this trend occurred with

600
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FIG. 2. **'Np concentration versus time upon contact of a simulated
waste solution with 0.2gL ™" of mMST at 26°C (circles), 45°C (squares),
and 66°C (triangles).

neptunium in the 66°C test. In this test, the neptunium con-
centration increased with sampling time after 6 hours.

In general, the DF values for strontium, plutonium, and
neptunium increased upon an increase in the temperature
from 26 to 45°C, followed by a decrease upon raising the
temperature to 66°C (see Table 3). The non-linear response
in DF with temperature suggests that temperature is influ-
encing more than one factor involved with the adsorption
of strontium, plutonium, and neptunium onto the mMST.
For example, the temperature could be affecting both the
sorbent (mMST) as well as the chemical potential of the
solution phase sorbate species.

The magnitude of the change in the quantities of the
strontium and plutonium removed is generally small over
the range of temperatures and sampling times. For
example, the percent sorbate removed over the range of
temperatures (26°C to 66°C) and contact time (624 hours)
was as follows: 95.2-98.1% for strontium and 98.7-99.9%
for plutonium. The range for neptunium removal proved
larger at 60.0-89.1%. Previous testing with the baseline
MST material indicated that the strontium DF values
decreased with increasing temperature (11). However,
quantitative comparison of the results of this study and
the earlier one with MST is difficult due to large differences
in the initial strontium concentrations (11.6pumolL~" in
this study versus 0.06-1.2pumol L™! in the earlier study).
Nevertheless, the small effect of temperature on the stron-
tium decontamination by mMST indicates that rigorous
temperature control during a batch contact process is not
required to achieve very good strontium DF values.

For plutonium, the range of DF values spanned by the
95% confidence interval is large for all three temperatures
(Table 3). The wide range of values is due to the combi-
nation of achieving very low mass concentrations upon
contact with mMST and the relatively high uncertainty in
the low mass concentrations given that these concentra-
tions are close to the quantifiable limit for the analytical
method. Given the extensive overlap in DF values for each
sampling event and each temperature, we concluded that
temperature did not exhibit a strong influence on plu-
tonium adsorption for this data set. Previous testing with
the baseline MST material indicated plutonium DF values
increase with increasing temperature (11).

For neptunium, the DF values increased with contact
time and upon a change in the temperature from 26 to
45°C. The DF values decreased upon raising the tempera-
ture from 45 to 66°C. However, there is overlap for each
sampling event at the lower two temperatures suggesting
that the influence of temperature is small. Note, however,
that the confidence interval at 66°C for the 24-hour sam-
pling event does not overlap with and is lower than that
measured at the earlier sampling events (6 and 12 hours).
This suggests that neptunium adsorption is being lost with
time at 66°C. Consequently, the percentage of neptunium
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TABLE 3
Summary of measured decontamination factors for strontium, plutonium, neptunium, and uranium at 26, 45, and 66°C
with 0.2gL~" mMST

Strontium Plutonium

Temperature (°C) 25.8 449 66.1 Temperature (°C) 25.8 449 66.1
Contact Time (h) 6.05 6.03 6.03 Contact Time (h) 6.05 6.03 6.03
Sr DF (gamma) 24.8 37.7 32.6 Pu DF (alpha) 212 389 185
uncertainty 3.43 0.687 0.112 uncertainty 4.28 28.1 5.28
Contact Time (h) 12.00 12.07 12.08 Contact Time (h) 12.00 12.07 12.08
Sr DF (gamma) 28.8 45.2 35.6 Pu DF (alpha) 260 414 165
uncertainty 3.32 1.41 1.66 uncertainty 6.46 98.3 35.8
Contact Time (h) 24.16 24.17 24.14 Contact Time (h) 24.16 24.17 24.14
Sr DF (gamma) 353 49.6 41.5 Pu DF (alpha) 414 332 137
uncertainty 2.35 0.063 3.78 uncertainty 145 484 22.6

Neptunium Uranium
Temperature (°C) 25.8 44.9 66.1 Temperature (°C) 25.8 44.9 66.1
Contact Time (h) 6.05 6.03 6.03 Contact Time (h) 6.05 6.03 6.03
Np DF (ICP-MS) 3.47 6.03 5.72 U DF (ICP-MS) 0.988 0.997 1.11
uncertainty 0.030 0.042 0.0653 uncertainty 0.027 0.0138 0.0313
Contact Time (h) 12.00 12.07 12.08 Contact Time (h) 12.00 12.07 12.08
Np DF (ICP-MS) 4.41 7.76 4.68 U DF (ICP-MS) 1.03 1.09 1.05
uncertainty 0.312 0.420 0.532 uncertainty 0.0322 0.00018 0.0209
Contact Time (h) 24.16 24.17 24.14 Contact Time (h) 24.16 24.17 24.14
Np DF (ICP-MS) 4.94 7.86 3.17 U DF (ICP-MS) 1.04 1.04 1.00
uncertainty 0.125 0.678 0.362 uncertainty 0.0153 0.0177 0.0903

removed after 24 hours of contact by mMST ranges from
60-70% at 66°C versus 76-89% at 26 and 45°C. Previous
testing with MST indicated that DF values for neptunium
decrease with increasing temperature over the same tem-
perature range (11). Based on the results in this dataset,
we concluded that the temperature of the batch contact
process should not exceed 45°C to maximize neptunium
removal when using mMST.

There appeared to be no measurable removal of uranium
by mMST at 26 and 45°C and for the 12 and 24-hour sam-
pling events at 66°C (see Table 3). The 6-h DF value for ura-
nium at 66°C is greater than unity at the 3-sigma interval
suggesting a small amount of uranium removal. However,
the later sampling events (12 and 24-hours) exhibited no
measurable removal. Therefore, the apparent removal of a
small amount of uranium at the 6-h sampling event likely
reflects errors associated in sampling and analysis. The
low affinity of mMST for the adsorption of uranium as
measured in these tests at 26, 45, and 66°C is consistent with
that reported previously in tests at 25°C (9).

To evaluate if temperature was influencing the adsorp-
tion kinetics, we plotted the negative logarithm of the
adsorption rate for each sorbate (—log k) against the
inverse of temperature (K~'). The adsorption rate in
mole L' s7! was estimated by calculating the change in

the sorbate concentration at the start of the test and that
after six hours of contact. This is the time interval exhibit-
ing the greatest concentration change. Figure 3 provides
the Arrhenius plots for strontium, plutonium, and nep-
tunium. For each sorbate, the adsorption rate did not
change with temperature. Thus, it can be concluded that
temperature is not influencing the rate of adsorption by
the mMST in the temperature range of 26-66°C. Note that
the reaction rates followed the order Sr> Np > Pu. This
order follows that of the initial sorbate concentration
for the simulated waste solution, strontium at 11.6+
0.5umol L™!, neptunium at 2.17 +0.08 umol L', and plu-
tonium at 0.914 4+ 0.028 pmol L',

Effect of Ionic Strength

The effect of ionic strength on the strontium and acti-
nide removal performance was evaluated using three simu-
lated waste solutions which varied in ionic strength (Z)
from 5.01 to 7.24 M, which corresponds to sodium concen-
trations of 4.58 to 6.61 M (See Table 1). The compositions
of the simulated waste solutions were targeted in such a
manner so as to fix the relative concentrations over the
range of ionic strengths while maintaining the same sorbate
concentrations. As can be seen from Table 1, the
neptunium (500pugL~") and uranium (10,000 pg L")
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FIG. 3. Arrhenius plot of 6-h reaction rates versus 1/T for the removal
of strontium, plutonium, and neptunium by mMST.

concentrations measured close to the target values amongst
all three simulants. There was a greater variance among
the simulants in the stable strontium and plutonium
concentrations.

Figures 4-6 provide plots of the DF values for **Sr, plu-
tonium and **’Np as a function of contact time upon
addition of 0.2gL "' mMST and 0.4gL~! MST. The sor-
bate concentrations for the control samples (i.e., no added
sorbent) exhibited no changes with time confirming that
sorption onto bottle walls or filters, or precipitation of
the sorbates did not occur during any stage of the testing
and sampling events.

Inspection of Fig. 4 revealed that the addition of the
mMST (0.2gL~") at one-half the concentration of the
MST (0.4gL™") achieved greater removal of strontium
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FIG. 4. Strontium DF values versus contact time upon addition of
0.2gL~! mMST (open) and 0.4 gL' MST (filled) to solutions of varying
ionic strengths, 5.01 (circles), 6.18 (squares), and 7.24 M (triangles).
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FIG. 5. Plutonium DF values versus contact time upon addition of
0.2gL~" mMST (open) and 0.4 g L~! MST (filled) to solutions of varying
ionic strengths, 5.01 (circles), 6.18 (squares), and 7.24 (triangles).

than MST over the range of ionic strengths tested. This
finding is consistent with previous testing, which showed
more effective strontium removal by mMST compared to
MST (7,9,10). The strontium DF values decreased for both
mMST and MST upon an increased ionic strength from
4.93 to 6.18 M, and then increased in the highest ionic
strength simulant (Z=7.24 M) to values similar to those
measured for the lowest ionic strength simulant
(Z=5.01 M). The decrease in strontium removal upon an
increase in the ionic strength is the expected trend and
reflects the higher sodium concentration driving the ion
exchange reaction to the left as shown in Eq. (1).

Sr(OH)" 4+ NaHTi,05 < Sr(OH)(HTi,Os) + Na®™ (1)

The increase in strontium DF values for both mMST
and MST in the highest ionic strength simulant
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FIG. 6. Neptunium DF values versus contact time upon addition of
0.2gL~! mMST (open) and 0.4 gL~ MST (filled) to solutions of varying
ionic strengths, 5.01 (circles), 6.18 (squares), and 7.24 (triangles).
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(Z=17.24 M) can be attributed to the lower total strontium
concentration in this simulant compared to the other
(lower ionic strength) simulants. The average and single
standard deviation of the total strontium concentrations
in the control samples measured 1160+ 75.1, 1030+ 113,
and 659 £ 109 ug/L by ICP-MS analysis for the 5.01 M,
6.18 M, and 7.24 M simulants, respectively. The total stron-
tium concentrations for the lowest and intermediate ionic
strength simulants are identical within analytical uncer-
tainty and are about 66% higher on a mass basis than that
in the highest ionic strength simulant. Given that the test
conditions did not approach the total ion exchange
capacity of the titanate samples, both mMST and MST
achieved good strontium removal in the highest ionic
strength simulant resulting in DF values similar to those
measured at a much higher initial strontium concentration
in the lowest ionic strength solution.

As in the case with strontium, the addition of the mMST
(0.2 g L") at one-half the concentration of MST (0.4gL™")
achieved greater removal of plutonium than MST over the
range of ionic strengths tested (Fig. 5). Typically, the DF
values for mMST measured about 30 times greater than
those for MST. The plutonium DF values decreased for
both mMST and MST materials with increased ionic
strength over the range of Z=5.01-7.24 M. For example,
the 24-h DF values for mMST measured 663+ 344,
277+ 68.7, and 102+5.08, for the Z=5.01, 6.18, and
7.24 M simulants, respectively. Note that the measured
DF values for the lowest ionic strength simulant are based
on analytical results for samples close to the quantifiable
limit for the analytical method and, therefore, have much
higher experimental uncertainty. Nevertheless, the testing
indicates excellent removal of plutonium (>99%) by
mMST in simulants over a wide range of ionic strengths.

The closeness in plutonium DF values between the low-
est (Z=5.01 M) and intermediate (Z=6.18 M) simulants
compared to those in the highest ionic strength simulant
(Z=17.24M) is likely due to the differences in initial plu-
tonium concentrations among the three simulants. For
example, the average and single standard deviation of plu-
tonium concentrations in the control samples measured
296 +6.75, 231+9.66, and 334+27.7pgL~" by alpha
spectroscopy (PuTTA) for the 5.01M, 6.18M, and
7.24M simulants, respectively, over the three sampling
events (6, 12, and 24 hours). Thus, the approximately
22% lower concentration of plutonium in the intermediate
ionic strength simulant results in a higher plutonium
removal than would be expected if the plutonium concen-
tration had been equal to that of the lower ionic strength
solution (i.e., 296 £6.75pg L™ 1).

Neptunium removal performance is provided in Fig. 6.
For mMST added at 0.2gL ™", there was no difference in
neptunium removal in the two lower ionic strength solu-
tions. After 24 hours of contact, 0.2 gL' mMST removed

about 80% of the neptunium in these two simulants
(Z=5.01M and 6.13M, [Na]=4.5M and 5.6 M). Nep-
tunium removal was lower in the highest ionic strength
simulant (Z=7.24 M, [Na]=6.5M) achieving about 60%
removal of the neptunium after 24 hours. The baseline
MST material, added at the higher concentration of
0.4gL™", exhibited very similar neptunium DF values as
the mMST material added at 0.2gL™".

Under these test conditions, no measurable removal of
uranium by mMST was observed when added at a concen-
tration of 0.2 gL', which is consistent with previous test-
ing (9). The addition of 0.4gL~' MST did result in
measurable removal of uranium in each of the three simu-
lants. Within the experimental variance defined as the
interval calculated from the average and + two times the
standard deviation, the results indicated between 20-25%
of the initial uranium was removed after 24 hours of con-
tact with MST. Furthermore, the extent of uranium
removal by MST did not change significantly among the
three different ionic strength solutions.

In summary, an increase in ionic strength of the simu-
lated waste solution resulted in a general decrease in the
removal of strontium and plutonium by mMST. Further-
more, the testing results indicated that neptunium removal
by mMST was unaffected by the change in ionic strength at
the two lower values, and the highest ionic strength simu-
lant resulted in a slightly decreased neptunium removal.
Finally, the influence of ionic strength on uranium removal
proved indeterminate given the low affinity of mMST for
uranium.

Reuse and Double Strike Testing

A reuse test was conducted with the vendor-prepared
mMST using Stimulant D (Table 1). The reuse test
consisted of contacting the mMST with the simulated
waste solution at asorbent concentration of 0.2gL™!
for six hours at ambient laboratory temperature, separ-
ating the solids from the solution by filtration and add-
ing fresh mMST solids (0.2gL™") to the filtrate from
the first contact. After mixing for six hours the test sus-
pension was again filtered to isolate the solids and fil-
trate. The partially-loaded solids from the second
contact were then added to fresh simulated waste sol-
ution, contacted for six hours and then filtered to sep-
arate the solids and simulated waste solution (Contact
#3). The solids from the first contact and third con-
tacts were isolated and the amounts of strontium and
actinides adsorbed onto the solids were determined.
Samples of each of the filtrates were also analyzed to
determine sorbate concentrations.

Table 4 provides a summary of the measured DF values
for this test and those previously reported for the baseline
MST (12). The measured DF values follow the expected
trends. As previously observed, the mMST exhibits greater
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TABLE 4
Average decontamination factors for mMST and MST measured in the reuse tests

Average Decontamination Factor

Sr Pu Np 8]
Analytical mMST MST mMST MST mMST MST mMST MST
Contact  Method (0.2g/L) (04g/L) (0.2g/L) (0.4g/L) (02g/L) (0.4g/L) (0.2g/L) (0.4g/L)
1 Counting 48.9 11.5 244 10.1 >2.08 - - -
ICP-MS 44.9 10.4 >12 >1.6 3.67 >1.75 1.05 1.14
2 Counting >29.2 109 4.24 11.5 ND - - -
ICP-MS >22.8 109 ND ND 1.76 ND 0.968 1.14
3 Counting 2.17 5.13 3.97 4.80 >1.46 - - -
ICP-MS 2.08 5.23 3.28 >2.1 2.02 1.75 1.00 1.05

ND =not determined; Blank entry (—) indicates not measured.

strontium and plutonium removal than the baseline MST.
For example, the strontium DF value for the mMST mea-
sured about 4 times that of the baseline MST in Contact
#1 even at one-half the sorbent concentration (0.2gL™!
vs. 0.4gL™"). The plutonium DF value of 244 for mMST
represents 99.6% removal of the plutonium compared to
a DF value of 10.1 or 90.1% removal of the plutonium
by MST.

Given the greater strontium removal by mMST during
Contact #1, the strontium DF values between the materi-
als cannot be compared for Contact #2 (see Table 4). The
lower plutonium DF value for the mMST (4.24) compared
to the baseline MST (11.5) in Contact #2 reflects the lower
initial plutonium concentration for the solution used in
Contact #2 for the mMST test compared to the MST test
(filtrate from Contact #1). Strontium and plutonium DF
values for the mMST in Contact #3 are much lower than
those in Contact #1. Note that the neptunium DF values
for the mMST appear similar to that of the baseline
MST. Solution analyses for uranium indicated that within
analytical uncertainty, no measurable removal of uranium
occurred in any of the contacts with the mMST.

Table 5 provides the measured and calculated sorbent
loadings for each of the sorbates for single use (Contact
#1) and after reuse (solids after Contacts #2 and #3).
Very good agreement was observed between the measured
and calculated loadings except for uranium after the reuse
test. The low calculated value for uranium in the reuse test
(85.5+3.83pgg ") reflects no measurable removal based
on the solution analyses. The measured uranium loadings
(ca. 2,270 and 2,790 pgg ') after single contact and two
contacts, respectively, represents the first data indicating
sorption of uranium by mMST at a concentration of
0.2gL"!. Note that these values are about a factor of 2.8
lower than the baseline MST, which was added at twice
the concentration as the mMST.

The reduced affinity of the mMST for uranium is also
evident when one compares the molar ratios of strontium
to the actinides in the simulant and the sorbent solids.
Table 5 also provides the molar ratios of Sr:Pu, Sr:Np,
and Sr:U for the simulants and mMST. For plutonium
and neptunium the affinity index (i.e., molar ratio in the
solids divided by that in the simulant) are near unity for
both single and two contacts suggesting that the mMST
has the same relative affinity for strontium, plutonium
and neptunium. Uranium exhibits an index of about 30
indicating much more strontium adsorbed onto the solids
than uranium. Thus, it can be concluded that the mMST
exhibits lower affinity for uranium compared to the other
sorbates.

We also evaluated the performance of mMST in both
double-strike and reuse configurations with actual tank
waste at 25°C. Seven tests in all were conducted in two
stages. Tests S-2 and S-3 are double-strike tests conducted
by filtering the test solutions approximately 6 hours after
first contacting with mMST and then adding fresh mMST
to the filtrate. Tests S-2 and S-3 added 0.1gL™' and
0.2gL~' mMST, respectively, in each strike. Tests S-4
and S-5 used filtered, composited, residual tank waste sol-
ution remaining from previous tests. These reuse tests fil-
tered the decontaminated test solutions approximately 6
hours after first contacting with mMST and then added
the collected mMST solids to fresh tank waste solution.
Tests S-4 and S-5 used 0.1gL™" and 0.2gL"' mMST,
respectively. This test design mimics the proposed opera-
tions in the Alpha Finishing Process of the SWPF.

Figures 7 and 8 provide plots of strontium concen-
tration and plutonium activity, respectively, versus time
for the single and double strike tests with mMST and
MST. Good agreement in the measured strontium concen-
trations is observed between the 2 and 4-h sample results in
the single-strike tests and that for the first strike of the
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TABLE 5
Sorbent loadings and affinity index for mMST and MST

Sorbent Loading (ng/g)

mMST - Single Contact

mMST - After Reuse
MST - After Reuse

Sorbate Measured Calculated Measured Calculated Measured
Sr 44,700 4= 7,240 49,800 42,550 29,200 £4,570 27,300 £ 3,790 39,500 £ 866
Pu 4114+53.1 394+343 338 +67.6 296 +£47.1 171 +£2.83
Np 496+ 134 503 +57.5 5994134 426 +79.2 >84
U 2,270+ 198 3,550+ 59.6 2,790 4+ 334 85.5+3.83 7,240 42,440
Contact 1 Contact 3
Simulant Solids Affinity Index Simulant Solids Affinity Index
(umol/umol) (nmol/pmol) (pmol/pmol) (nmol/pmol)
Sr:Pu 280 300 1.1 290 240 0.83
Sr:Np 200 240 1.2 160 140 0.88
Sr:U 1.9 54 28 0.96 29 30

double-strike tests. Unfortunately, the first sample after the
second mMST addition resulted in the total strontium fall-
ing below the analytical method detection limit. Thus, we
cannot quantitatively assess the magnitude of the stron-
tium removal upon the second strike of mMST.

Good agreement was also observed between the 2 and
4-h sample results for the single strike tests and that for
the first strike of the double strike tests with respect to plu-
tonium activity. Upon the addition of the second strike of
mMST, the plutonium activity decreased to a value well
below the total alpha activity waste acceptance criteria
(WAC) limit at both MST concentrations (see Fig. 8).
The 30-h result for the double-strike test indicates a higher

10000 A Control - Single Strike Tests
A Control Test - Double Strike Tests
@ Single Strike - 0.1 g/L mMST
©O— Double Strike - 0.1 g/L mMST
B Single Strike - 0.2 g/L mMST
O Double Strike - 0.2 g/L mMST
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£
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Method Detection Limit
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FIG. 7. Total strontium concentration versus time for the single and
double strike tests with actual tank waste.

plutonium concentration than the previous two samples
and the 170-h sample which is below the method detection
limit. We believe this value is in error, most likely the result
of cross contamination during sample handling with
other materials in the highly shielded cells used for these
experiments.

Table 6 provides a summary of the measured DF values
for strontium, plutonium, and neptunium in the double
strike tests. Greater than values are given when the
measured concentration for a sorbate is below the
analytical method detection limit. Uncertainties for the sin-
gle replicate tests are determined from the analytical uncer-
tainties. Strontium, plutonium, and neptunium DFs for the
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FIG. 8. Total plutonium activity versus time for the single and double
strike tests with actual tank waste.
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TABLE 6
Strontium, plutonium and neptunium decontamination factors measured in double strike actual waste tests

Decontamination Factors (DF)

Total Sr Total Pu* ZNp

Test Description Time (h) Value Uncertainty Value Uncertainty  Value Uncertainty
Supplemental Test S-2 2.1 10.0 2.83 4.18 0.278 1.40 0.395
Double-strike Test with 6.0 16.8 4.74 7.02 0.477 1.55 0.437
0.1g/L mMST 8.0 >2.49 19.7 1.36 1.86 0.527
12.0 >2.62 56.3 3.99 1.96 0.553
30.0 >2.66 1690 383 2.21 0.624
174 >8.12 >104 241 0.682
Supplemental Test S-3 2.0 21.8 6.17 6.31 0.448 1.34 0.379
Double-strike test with 6.0 >24.3 25.9 1.87 1.50 0.423
0.2g/L mMST 8.0 >26.4 >231 2.60 0.735
12.0 22.0 6.24 871 106 2.79 0.789
30.0 >26.4 131 13.4 3.29 0.929

174 >80.6 >761 4.62 1.31

DF calculated using average concentrations of Control Test IC.
*Calculated from PuTTA data for 2**Pu and 2%/2°pu.

two double-strike tests (S-2 and S-3) exhibit the expected
increase with time. The large increase in DF between the
6 and 8-hour sampling time resulted from the removal of
the mMST solids from the first strike and addition of fresh
mMST.

Single tests (S-4 at 0.1gL " and S-5 at 0.2gL™") evalu-
ated the performance of the mMST upon reuse. In these
tests the mMST was first contacted with a filtered com-
posite of the residuals from an earlier set of tests, which
had a reduced radioactivity compared to the initial waste.
After approximately six hours, the mMST solids were
recovered from the waste solution, and were added to a
fresh batch of the tank waste solution at the original spiked
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FIG. 9. Total plutonium activity versus time in the mMST reuse tests.

concentrations. Figure 9 provides a plot of the total plu-
tonium activity as a function of total test time for the reuse
tests. Included in Fig. 9 are the curves measured for plu-
tonium removal in the single-strike tests allowing for a
6-hour offset from the beginning of the experiment.

The observed changes in plutonium activity with time
during the test met expectations. Initially, the plutonium
activity decreases for the first two samples. After separating
the solids and contacting the recovered mMST solids with
fresh tank waste supernate, the plutonium activity
increased reflecting the higher plutonium activity in the
fresh waste versus that of the initial strike which had a
much lower initial plutonium activity (8.18 +0.44 E + 05
versus 3.02+0.16 E+04pCimL™"). Subsequent samples
showed decreasing plutonium activity with time.

A comparison of the plutonium activity changes with time
in the reuse and single strike tests indicates that less removal
of plutonium occurs in the reuse test. Generally, the plu-
tonium activity is about a factor of 10 higher in the tests with
the reused mMST compared to a single strike of fresh
mMST. A similar trend was also observed for strontium.
These results indicate that a higher mMST concentration is
required in the SWPF strike tanks to affect the necessary
radionuclide removal if the mMST is first used in the Alpha
Finishing Process and then returned to the SWPF.

CONCLUSIONS

mMST exhibits excellent performance for the removal
of strontium, plutonium, and neptunium from simulated
and actual tank waste solutions. In general, mMST is much
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more effective than MST in removing strontium, plu-
tonium, and neptunium from strongly alkaline salt solu-
tions. Unlike MST, mMST exhibits very little affinity for
uranium. mMST adsorption characteristics were largely
unaffected over the temperature range, 26-66°C. Gener-
ally, an increase in the ionic strength of the solution
resulted in reduced removal of strontium, plutonium, and
neptunium by the mMST.
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