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Abstract.  XAFS has been used to study the chemical state and structural environment of technetium in Fe(III) oxide co-
precipitates. 99Technetium is an abundant fission product which poses a significant environmental hazard due to its long 
half-life, abundance in nuclear wastes, and environmental mobility as the pertechnetate ion [Tc(VII)O4

-] under oxidizing 
conditions. Tetravalent Tc [Tc(IV)] is the stable valence state under reducing or anoxic conditions where its 
environmental mobility is significantly lowered by formation of a sparingly soluble, hydrated amorphous oxide 
precipitate [Tc(IV)O2•nH2O(s)].  We have been studying the kinetics and solid products resulting from abiotic reduction 
of Tc(VII)O4

- by aqueous, adsorbed, and structural Fe(II) to provide insights on Tc migration in microaerophilic 
groundwaters.  The reduction reaction yields Fe/Tc precipitates of variable structures that have not been previously 
studied.  For the homogeneous reaction with aqueous Fe(II) at relatively high Tc:Fe concentrations, the predominant 
redox product is a solid containing Tc(IV) dimers attached in a bidentate edge-sharing configuration to FeO6 octahedra 
on the surface or unoccupied interior sites of a ferrihydrite-like precipitate. A similar ferrihydrite-type solid is formed on 
the surface of Fe oxide minerals such a hematite and goethite following the heterogeneous reaction of Tc(VII)O4

- with 
surface-complexed Fe(II). These co-precipitates greatly slow the oxidation rate of Tc(IV) relative to amorphous 
Tc(IV)O2•nH2O(s), possibly allowing for the long term sequestration of 99Tc in stable (bio)geochemical mineral forms 
that may reduce the long term environmental risk of 99Tc subsurface contamination.  
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INTRODUCTION 

Technetium-99 poses a significant environmental 
hazard at nuclear reprocessing sites such as the 
Hanford site in Washington state. It has a long half life 
(t1/2 = 2.13 x 105 years), high abundance in nuclear 
wastes, and the pertechnetate ion (Tc(VII)O4

-) is stable 
and highly mobile under oxidizing conditions. Under 
reducing or anoxic conditions, tetravalent Tc is the 
stable form and is much less soluble. The 
environmental mobility is lowered by the formation of 
a hydrated amorphous oxide precipitate 
[Tc(IV)O2•nH2O(s)] [1]. In this work, we look at the 
solid products resulting from the abiotic reduction of 
pertechnetate by aqueous[2], adsorbed and structural 
Fe(II). This reduction yields co-precipitated products 
not previously studied, and all three reactions give 
similar results. These co-precipitates greatly slow the 
oxidation rate of Tc(IV) relative to amorphous 
Tc(IV)O2•nH2O(s), possibly allowing for the long term 
sequestration of 99Tc in stable (bio)geochemical 
mineral forms that may reduce the long term 

environmental risk of 99Tc subsurface contamination. 
This paper concentrates on the EXAFS measurements 
that are part of a larger program that includes kinetics 
studies, 57Fe-mossbauer, and TEM[2].  

EXPERIMENTAL 

All samples were prepared in a glove box under 
strictly anoxic conditions provided using an oxygen 
trap[3]. Details of the sample preparation will be given 
elsewhere [2]. Briefly, for the homogeneous reaction 
solid Fe-Tc precipitates were prepared by mixing 
pertechnetate and Fe(II) solutions. Rapid Tc reduction 
occurred for pH 7 and 8, and the kinetics indicated a 
transition to a heterogeneous reaction. The resulting 
solids were embedded in epoxy and sealed in air tight 
cells for Mossbauer and XAFS measurements.  

Sorbed Fe(II) samples were prepared by addition of 
hematite or goethite to Fe(II) solutions at neutral pH. 
Upon addition of pertechnetate solution, rapid 
reduction  of the Tc occurred. Fe(II) containing 
samples were also made from FRC and Ringold 



sediments by treating with metal reducing bacteria. 
After treatment and removal of the bacteria, the 
addition of pertechenetate again resulted in rapid 
reduction. The solids from these samples were diluted 
with vacuum grease or boron nitride, and sealed in 
cells with two layers of kapton as windows. At the 
beamline the cells were maintained in a flowing 
atmosphere of He or N2 to prevent oxygen diffusion 
through the kapton. Various Fe oxides, 6-line 
ferrihydrite, a 1 mMol pertechnetate solution, and 
Tc(IV)O2•nH2O solid were used as standards. Also, 
prepared was a ferrihydrite sample that was formed in 
a solution spiked with Tc. 

The EXAFS measurements were made at 
beamlines 20-ID and 20-BM at the APS using 
essentially identical setups with Si (111) 
monochromators. Detuning (20-ID) and a harmonic 
rejection mirror (20-BM) were used to reject 
harmonics. Energy calibration was checked using an 
online Fe foil or the Tc(IV)O2•nH2O solid sample.  

DATA AND ANALYSIS 

All of the data were analyzed using the iffefit suite 
of programs[4] along with FEFF7 [5]. For the solid 
samples, background Fe signals interfere with the Fe 
signal from the Fe-Tc precipitates. However, for the 
isolated co-precipitated FeTc solids formed during the 
homogeneous reaction, a more detailed study of the Fe 
environment is possible. Fig. 1 shows the Fe EXAFS 
for the pH 7 and 8 co-precipitates compared to 
ferrihydrite. The pH 8 sample looks very similar to 
ferrihydrite, and, in fact, is well fit with a combination 
of 89% ferrihydrite and 11% magnetite. This 
combination was used since measurements by other 
techniques indicated the presence of magnetite. The 
near edge is also shifted away from Fe(III) towards 
lower valence. However, in this case the shift would 
imply about 60% magnetite. This discrepancy suggests 
that the ferrihydrite component has incorporated or 

sequestered  some non-magnetite Fe(II). The pH 7 
sample also looks similar to ferrihydrite, but in this 
case the differences could not be fit with a magnetite 
component. The near edge also indicated some 
reduced Fe, but less then for the pH 8 sample.  

Figure 2 shows the Tc edge data from these same 
samples compared to Tc-ferrihydrite and TcO2•nH2O. 
The data look very similar to Tc in ferrihydrite. Figure 
3 shows a similar plot for the hematite and goethite 
samples. In this case the data are even more similar to 
the Tc in ferrihydrite data.  

After consideration of a number of possibilities, the 
best model for this data derived from the model of 
Lukens et al for TcO2•nH2O[6]. This consists of edge 
sharing chains of Tc-O octahedra giving rise to a short 
Tc-Tc bond of about 2.57 A. We assumed these chains 
were terminated onto an Fe-O octahedra located on the 
surface of ferrihydrite-like Fe oxide in similar edge-
sharing fashion giving a short Tc-Fe bond similar to 
the Tc-Tc bond. The length of the chains was a 
variable in the fitting with the number of Tc-Fe and 
Tc-Tc bonds constrained to the chain length. The 
EXAFS from Tc-Fe and Tc-Tc nearly cancels, and the 
fitting needed to be further constrained. Therefore, the 
Tc-Tc distance and debye-waller factor were 
constrained at the values found for TcO2•nH2O.   

Figure 4 shows some examples of the fitting with 
this model. Although the fits look quite similar, the 
results for the Tc-Tc chain length were different. The 
homogeneous samples both refined to approximately 
dimers (ie a single Tc-Tc bond), while the goethite and 
hematite samples both indicated only a small 
contribution (~15%) from dimers. This could be a 
consequence of the differing  concentration of Tc in 
the two experiments. Even though the amount of 
dimers is small, because of the interference between  
the Tc-Tc and Tc-Fe signals, this small addition  
 

FIGURE 1.  Comparison of the Fe EXAFS from the 
pH 7 and 8 samples to ferrihydrite. 
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FIGURE 2.  Comparison of the Tc EXAFS from the 
homogeneous samples to TcO2•nH2O and Tc in 
ferrihydrite. 



significantly improved the fitting over a pure monomer 
model. 

The analysis of the sediment samples is still 
underway, but the data looks intermediate between the 
two Tc standards. The ringold sample was well fit with 
about 60% Tc-ferrihydrite and 40% TcO2•nH2O. This 
indicates that there are more Tc-Tc and fewer Tc-Fe 
bonds then for the homogeneous and sorbed samples. 
Apparently some TcO2•nH2O solid is forming along 
with the Tc-Fe precipitate. This could be a result of the 
more heterogeneous nature of the sediments offering a 
more varied environment for Tc reduction. 
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FIGURE 3.  Comparison of the Tc EXAFS from the 
hematite and goethite samples to TcO2•nH2O and Tc in 
ferrihydrite. 

FIGURE 4. Examples of fits in R space to the model 
described in the text for the Tc-Goethite and pH 8 
homogeneous samples. 

CONCLUSIONS 

These results show that some unique Fe-Tc 
precipitates can form from pertechnetate in the 
presence of reduced Fe. The Fe EXAFS results reveal 
an local structure very similar to ferrihydrite. In 
contrast to ferrihydrite the solid contains a significant 
amount of reduced Fe. The exact nature of Tc in the 

precipitates can vary depending on the conditions, but 
they share a common theme of a Tc-O octahedron 
bonding in a bidentate fashion to Fe-O octahedra 
located in or on the surface of the ferrihydrite-like 
material. This results in a short Tc-Fe bond similar to 
the short Tc-Tc bonding found in TcO2•nH2O solid. 
Also, found is a tendency to form more extended Tc-
Tc chains such as dimers depending on conditions still 
to be determined.  

The Tc in the precipitates is found to be much 
slower to re-oxidize then TcO2•nH2O. After 120 hrs in 
an oxidizing environment only 10% of the Tc was 
remobilized from the solid produced homogeneously 
compared to approximately 70% for TcO2•nH2O. This 
could be a result of the Tc being incorporated into the 
interior of the ferrihydrite-like material, and/or due to 
the reservoir of Fe(II) observed to remain in the co-
precipitates. In any case, these precipitates could have 
important implications for the transport of Tc in the 
subsurface environment. 
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