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ABSTRACT 
Technetium-99 (99Tc) and iodine-129 (129I) have been determined to be tank waste components contributing 
most to the environmental impacts associated with the cleanup of the Hanford site.  Cast Stone, which has 
the ability to immobilize 99Tc, 129I, and other contaminants of concern, is being considered as a low 
temperature waste form for solidification of aqueous secondary liquid effluents from the Hanford Tank 
Waste Treatment and Immobilization Plant (WTP)  An environmental assessment of Cast Stone 
performance, using measured diffusivities of the radionuclides from the Cast Stone product, calculates 
groundwater at the 100 m down-gradient in excess of the allowable maximum permissible concentrations 
for both radionuclides.  Therefore, an opportunity exists to improve the performance of Cast Stone.  One 
method for improvement is through the addition of immobilizing agents known as “getters” that selectively 
sequester Tc and I.  In the present paper, we report on seven getter materials that have been tested for Tc 
and five materials that have been tested for I to determine their effectiveness for radionuclide removal in a 
series of batch sorption tests in 18.2 MΩ DI H2O and a 7.8 M Na Ave LAW waste simulant.  Contact 
experiments have been carried out in anoxic conditions at room temperature, with varying solid-to-solution 
ratios, and in the presence and absence of competing species.  Results indicate that most materials perform 
better in the 18.2 MΩ DI H2O compared to the 7.8 M Na LAW waste simulant for both Tc and I getter.  
Radionuclide sequestration may be affected by the presence of the redox sensitive Cr(VI) in the simulant.  
The top performing Tc getter materials, Sn(II)-apatite, BFS-2, KMS-2 and Sn-hydroxyapatite, were 
examined through various solid-state characterization techniques such as SEM/XEDS, XANES and 
EXAFS.  Tc removal is theorized to occur through reduction of the highly soluble Tc(VII) species to the 
less soluble Tc(IV).  Solution results from the series of I tests show that iodide is effectively removed from 
solution via, most likely, a precipitation reaction of AgI.  A wide range of I getter materials and the silver 
exchanged zeolite getter performed well in both DI water and the simulant. 

INTRODUCTION 
 
Cast Stone is being considered as a low-temperature waste form for the solidification of aqueous secondary 
liquid effluents from the Hanford Tank Waste Treatment and Immobilization Plant (WTP) [1]. Two 
radionuclides of concern in these wastes, due to their high environmental mobility and long half-life, are 
99Tc (t1/2 = 2.1×105 a) and 129I (t1/2 = 1.57×107 a).  In aqueous environments, both radionuclides will 
dominantly exist as anions (TcO4

-, I-, IO3
-), which are not easily sorbed onto naturally occurring materials 

and sediments (Tc) or they form strong covalent bonds with organic matter (I) creating a need for their long 
term immobilization in a stable matrix [2]. 
 
Cast Stone is comprised of a baseline dry blend mix of 8 wt% Portland cement Type I/II, 45 wt% Class F fly 
ash and 47 wt% Grade 100 or 200 blast furnace slag (BFS) [1].  Short term (28 to 91 days) leach studies of 
Cast Stone monoliths have garnered Tc effective diffusivities in the range of 2 × 10-10 cm2/s to 6 × 10-12 
cm2/s and I effective diffusivities of 1 × 10-8 to 2 × 10-9 cm2/s [3].  These short term measurements, while 
promising, do not account for the potential of long-term release of 99Tc due to its re-oxidation upon 
exposure to dissolved oxygen in vadose zone pore water nor do they provide a measured range for I release 
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that is within that required for full protection of ground water below a potential storage site.  Therefore, 
there is a need for improved retention of these radionuclides within the Cast Stone formulations.   
 
One method of improving the performance of Cast Stone for the retention of 99Tc and 129I is through the 
addition of “getters” which can selectively sequester the radionuclide(s) of concern.  The getters can 
function in one of two modes: 1) addition to the liquid waste, where upon completion of its sequestration of 
the radionuclide the getter can be removed and placed in a second waste form; 2) the getter is added to the 
liquid waste or Cast Stone dry blend and becomes a final component of the waste form.  A wide range of 
getters, both naturally occurring and synthetic, have been tested for many radionuclides with varying 
success rates [4, 5]. 
 
In this investigation, the getters for 99Tc can be grouped into three categories: 1) Sn-containing getters, 2) 
ion exchange compounds, and 3) Cast Stone components.  The Sn-containing getters were selected to 
utilize the favourable oxidation potential of Sn(II) to Sn(IV), which can facilitate the reduction of TcO4

- (Tc 
(VII)) to highly insoluble, and thus immobile, TcO2 (Tc(IV)).  Potassium metal sulfides (KMS) have 
shown previous success in the removal of toxic cations, including Cs+, Sr2+, and Ni2+, from solution [6] and 
were selected to test their performance for TcO4

- removal.  Blast furnace slag (BFS), comprising 47 wt% 
of the Cast Stone, has long been known to have retentive properties towards 99Tc [7] with its removal 
properties due to reductive Fe and S species contained within the BFS.   
 
The potential 129I getters were mainly selected to utilize the low solubility of AgI (Ksp = 8 × 10-17) to 
immobilize the 129I that is present in the liquid waste.  Several Ag-containing getters were examined along 
with a layered bismuth hydroxide material which has shown previous affinity for removal of I anions from 
solution [8]. 
 
This study investigated the performance of the Tc and I getters in DI water (18.2 MΩ-cm) and in a 7.8 M Na 
Ave LAW waste simulant.  Batch sorption testing with regular sampling was employed to calculate 
distribution coefficients (Kd) for individual getter materials.  Getters showing strong performance in the 
removal of the radionuclides were subsequently characterized with a series of analytical techniques 
including scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy (XEDS), and x-ray 
absorption fine structure spectroscopy (XAFS) with x-ray absorption-near edge structure (XANES) and 
extended x-ray absorption fine structure (EXAFS). 
 
METHODS 
 
A representative solution of the LAW in the tanks was used in the batch experiments to test the getters, 
along with DI (18.2 MΩ-cm) water.  This simulant, named 7.8 M Na Ave LAW (7.8 M LAW simulant), is 
identical in composition to the solution used in LAW Cast Stone screening tests [3].  The composition of 
the simulant and the levels of major ionic species are given in Table I. 
 

Table I – 7.8 M LAW simulant composition for getter tests 

Compound Amount 
(g/L) 

 Waste 
Constituent 

Overall Average (mol/L) Theoretical 
Concentration 

(mmol/L) 
Al(NO3)3∙9 H2O 179.54  Al3+ 0.48  
KNO3 5.17  K+ 0.06  
NaNO2 60.80  Na+ 7.80  
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NaNO3 88.70  Cl- 0.06  
Na3PO4 ∙ 12 H2O 29.18  CO3

2- 0.43  
Na2SO4 18.95  F- 0.05  
Na2CO3 45.33  NO2

- 0.88  
NaF 2.07  NO3

- 2.53  
NaCl 3.85  PO4

3- 0.08  
NaOH (50% sol’n) 347.81  SO4

2- 0.13  
NaC2H3O2  4.91  TOC total 0.12  
NaCr2O7 ∙ 2 H2O 4.96  Free OH- 2.43  
Pb(NO3)2 0.13  Cd  0.25 
Ni(NO3)2 ∙ 6 H2O 1.49  Cr  33.3 
Cd(NO3)2 ∙ 4 H2O 0.08  Pb  0.40 
 
 
The getters selected for the removal of 99Tc were BFS-1 (Lafarge North American), BFS-2 (Holcim Inc. 
(USA)), Sn(II)-apatite (Sn-A) [9], SnCl2 (Sigma Aldrich),  KMS (supplied by [6]) and 
Sn(II)-hydroxyapatite (Sn-HA) (supplied by outside laboratory).  For removal of 129I the selected getters 
were LBH (synthesized in house per [8]), synthetic argentite (Syn-Arg) (synthesized in house per [10]), 
silver impregnated carbon (Ag-C) (Prominent Systems Inc.), and silver exchanged zeolite (Ag-Z) 
(Aldrich). 
 
Batch experiments were performed in 250 mL polytetrafluoroethylene bottles at room temperature (~ 22 
°C) in an anaerobic chamber containing N2 and 0.7% H2 and O2 levels near 5 ppm.  A getter mass of 1.0 g 
was added to 100 mL of desired test solution, spiked with a set volume (< 1 mL) of a concentrated stock 
solution (> 10 000 ppm) of NaTcO4 or NaI to garner radionuclide concentrations which were 1×, 5× and 
10× the concentration of those predicted using the Hanford Tank Waste Operations Simulator (5 ppm for 
99Tc and 0.6 ppm for 129I)[11].  Periodic sampling was performed by removing a 2 mL aliquot of solution 
from the test vessels, which was immediately filtered (0.2 µm).  Tc samples were acidified with 20 µL of 
Optima grade 70% HNO3 for analysis with inductively coupled plasma mass spectroscopy (ICP-MS).  
Iodine samples were divided into a 1 mL aliquot which was alkalinized with 20 µL of Spectrosol © to 
prevent volatilization of I2 at low pH and a 1 mL aliquot acidified with HNO3 for determination of other 
species with ICP-MS.   
 
Following exposure, selected getter materials were imaged with SEM on a FEI Helios 600 NanoLab 
FIB-SEM at 5 keV and elemental compositions determined with XEDS at 20 keV using Oxford INCA 
software.  XANES and EXAFS were performed at the Stanford Synchotron Radiation Lightsource, and 
experimental details are listed in a previous report ([12]).   
 
RESULTS  
 
Batch Experiments 
 
Batch experiments were performed to compare the performance of the getters to one another in DI water 
and 7.8 M LAW simulant.  The effectiveness of the getters was quantified using distribution coefficients, 
,Kd (mg/L), which was calculated as follows: 
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𝐾𝑑 =  
𝑐𝑖,𝑏𝑙𝑎𝑛𝑘 − 𝑐𝑖

𝑐𝑖
×
𝑉𝑠
𝑚𝑔

 

 
Where ci,blank is the concentration of the species, i, in the blank solution with no getter present in µg/L, ci is 
the concentration of the species at a specific interval in µg/L, Vs is the volume of solution in mL and mg is 
the mass of the getter added to solution in g. 

 
The performance of the Tc getters in DI water with Tc = ~ 53 ppm, are shown in Figure 1 (a).  It is clear 
from the plot that the Sn-A has the best performance over the initial 16 days with Kd values of ~ 5×107 mL/g 
achieved after a steady increase in the first 10 days of exposure.  The SnCl2 outperformed the remaining 
getters, Kd of 1×103 mL/g, over the initial exposure period.  The SnCl2 reached this value almost 
immediately and displayed little change after the initial sampling.  The other getters had poor performance, 
Kd < 102 mL/g, in the first 16 days.  However, at long exposure times some variances in the getter 
performance were observed.  The Sn-HA increased in Kd by four orders of magnitude to 9.6 ×105 mL/g at 
29 days.  The BFS-2 showed the largest improvement with a near six order of magnitude change to a Kd of 
3.5×107 mL/g at 35 days, which may have arisen from Tc diffusive transfer from solution into the BFS 
structure over the duration of the experiment.  Overall in DI water, the getters containing Sn(II) had the 
highest success removing Tc most likely because of their ability to reduce the Tc(VII) to Tc(IV).  A similar 
trend in performance was observed for lower Tc concentrations as well[13].  Upon correction of the data to 
surface area of the getter, calculated with the BET method, little change was observed with Sn-A still 
having over an order of magnitude higher Kd than its counterparts.  In experiments increasing the amount 
of the getter solid-to-solution ratio, a 10× increase in BFS led to a seven order of magnitude increase in Kd, 
again confirming surface area is not the sole influence on Tc getter behaviour. 
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Figure 1 – Distribution coefficients, Kd (mL/g), for various Tc getters in a) DI water and b) 7.8 M LAW simulant with 
Tc = 53 ppm. 

A significant decrease in getter performance was observed in getters experiments in the 7.8 M LAW 
simulant (Tc = 53 ppm), Figure 1 (b).  The KMS-2 displayed the best performance, Kd 1.0×104 mL/g, over 
the duration of the exposure, while all other getters removed very little Tc from the simulant.  The KMS-2 
is the only getter to have performed much better in the more alkaline, higher ionic strength simulant than in 
DI water.  This result suggests that the mechanism of removal of Tc from solution by KMS-2 depends on 
the secondary ions in solution.  The secondary ions (ex Cr3+/6+, NO3

-, OH-) interfere with the ability of the 
other getters to sequester the Tc in the waste simulant.  Studies into the performance of the getters in 
simulant conditions without individual secondary ions showed Cr to be the most likely species impacting 
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getter performance [12].  Cr(VI), a strong oxidant, was present in a much larger concentration than the Tc 
in the simulant (Cr = 1700 ppm to Tc = 53 ppm).  Many of the getters rely on their ability to reduce Tc(VII) 
to Tc(IV) for immobilization.  The presence of excess amounts of Cr(VI) would directly interfere with the 
reduction of Tc as the Cr may be preferentially reduced, and the likelihood of a reaction between the getter 
and Cr was higher than the getter and Tc due to the increased concentration of Cr. 
 
The removal of I (I = 6 ppm) from DI water by the selected getters is shown in Figure 2(a).  The Syn-Arg 
and Ag-C displayed the best performance in removal of I, having attained Kd of 3.6×105 mL/g and 6.2×105 
mL/g, respectively.  The Syn-Arg was observed to have a steady increase in Kd within the first 16 days of 
exposure being a likely result of continuous dissolution of the getter leading to continual release of Ag+ ions 
to solution.  The effective removal of I by Syn-Arg and Ag-C was followed in order by the Ag-Z (Kd 
8.8×104 mL/g) and the LBH (2.0×103 mL/g).  It is not surprising that the Ag-containing getters were 
successful in the removal of I as AgI could be formed to immobilize the I.  Thus the formation of an AgI 
compound was a more successfully mechanism for I removal than the anion exchange by the LBH. 
 
Figure 2(b) shows a markedly less compromised performance in the 7.8 M Na simulant for the I getters, 
compared with Tc getters.  The Ag-Z displayed very little change in the removal of I between DI water and 
in the 7.8 M LAW simulant with a Kd of 2.5×104 mL/g.  It should be noted that this Kd for Ag-Z is a 
minimum value due to I levels being below the detectable limit.  The Syn-Arg decreased in performance 
by two orders of magnitude to a Kd of 1.8×103 mL/g at 16 days, albeit with a steady increase in removal 
over time, a trend also observed for batch sorption tests performed in DI water.  The Ag-C and LBH, on the 
other hand, displayed a drastic drop in their behaviour in the simulant.  The secondary ions in the simulant 
interfere with the ion exchange of the LBH, and interfere with the ability of the Ag-C to form AgI as the 
excess Cr may be reducing the Ag+ supplied from the Ag-C.  The Syn-Arg has its getter mechanism 
interfered with by the simulant constituents, however the Ag-Z was relatively consistent in both solutions.  
This steady behaviour of the Ag-Z may be attributed to the ion-exchange function of the zeolite between 
Na+ and Ag+.  In DI, there are no secondary ions to interfere with the removal of I, however, in the 7.8 M 
LAW simulant the high levels of Na+ can facilitate increased release of Ag+ from the zeolite structure in an 
ion exchange process to facilitate a continued removal of I from solution and overcome any interference 
from the secondary ions. 
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Solid-State Characterization and Analyses of Getter Materials 

To begin elucidating removal mechanism of the successful Tc getters, the successful “loaded” Tc getters 
were characterized following the batch experiments discussed above.  The getters selected were Sn-A and 
BFS-2 from DI water and Sn-HA and KMS-2 from the 7.8 M LAW simulant.  SEM/XEDS were utilized to 
image the getter materials and determine, qualitatively, the distribution of Tc throughout the getter.  Sn-A 
displayed an evened distribution of Tc across its surface, while Tc-rich regions were identified on the 
BFS-2.  These locations of high Tc in the BFS-2 are likely oldhamite (CaS) phases as identified previously 
[14].  The KMS-2 was difficult to assign Tc locations due to overlap in the XEDS by the high S content 
and the Sn-HA experienced interference from the high amount of Na remaining on the getter following 
removal from solution.   
 
Determination of the oxidation state of the Tc contained within the getter was performed using XANES 
analysis.  The results from the DI water loaded getters showed that in Sn-A the Tc was mainly in its 
reduced Tc(IV) form, with similar bonding signature to a Tc(IV)EDTA form where it is coordinated by 
oxygen atoms.  On the BFS-2 getter the Tc was found to be in its Tc(VII) state as TcO4

-, a result of either 
slow reaction time of the BFS-2 or re-oxidation during the timeframe of the post-treatment sample handling 
and/or the spectroscopic measurement [15].  In the 7.8 M LAW simulant the Sn-HA had Tc in the 
Tc(IV)EDTA form while the KMS-2 displayed Tc(IV) as a Tc2S7 environment, where it was coordinated 
by sulfide and disulfide groups.   
 
EXAFS spectra were collected for the Sn-A and KMS-2, but reliable spectra could not be attained for the 
BFS-2 and Sn-HA.  From the EXAFS on the Sn-A sample the Tc was measured to be in a TcO2∙2H2O 
form, expected due to the reduction of Tc by the Sn.  There was also no evidence of the Tc incorporation 
into the apatite structure to replace a Ca or Sn.  In the KMS-2, where XANES showed the Tc to be in the 
Tc(IV) state, the same TcO2∙2H2O structure was not observed, confirming the XANES data of a Tc2S7 
coordination and a different removal mechanism than the Sn-containing getters. 
 
CONCLUSIONS 
 
Cast Stone has been identified as a potential waste form for Hanford low activity wastes which contains 
99Tc and 129I.  In order to ensure the waste form meets environmental requirements for the long-term 
management of these radionuclides, the retention properties of Cast Stone need to be improved.  One 
method for improvement can be achieved through the addition of getters to specifically sequester such 
species.   

Studies into various getters for 99Tc showed Sn(II)-containing getters have the highest removal rates of Tc 
in DI water.  Sn(II)-apatite, which was observed spectroscopically to reduce Tc(VII) to Tc(IV), was the 
strongest getter in this study in DI water.  However, the performance of Sn(II)-apatite was lowered 
significantly in a 7.8 M LAW simulant, likely a result of interference from the Cr(VI) species present in the 
simulant solution that directly competes with Tc(VII) for reduction.  KMS-2, a potassium metal sulfide, 
had the highest performance in the simulant solution.  Tc was found in its reduced state Tc(IV), 
coordinated by S atoms, in the KMS-2 getter, showing that the Tc is reduced by the KMS-2 but anion 
exchange in the interstitial layers of the material may also play a role in the ability of the getter as well. 

Of the getters for 129I, the synthetic argentite and silver impregnated carbon had the highest levels of 
removal in DI.  Though both getters saw a decrease in performance in the 7.8 M LAW simulant, the origin 
of the interference is not yet understood, but may be caused by Cr interference as observed with the Tc 
getters.  Silver-exchanged zeolite had strong performance in both DI and the waste simulant.  The 
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presence of secondary ions may be facilitating increased ion exchange and release of Ag+ from the Ag-Z 
leading to this strong performance in both solutions.  The Ag-Z is thus a strong candidate for the 
immobilization of 129I.  Further tests will incorporate well-performing getters into the Cast Stone 
formulation to demonstrate their effectiveness in decreasing diffusivities of both Tc and I from the 
cementitious waste form. 
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