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CHAPTER 1: INTRODUCTION  

Understanding the transport and retention of radionuclides in the environment is important 

for protecting freshwater supplies and minimizing the impact to biologic systems. Technetium-

99 (Tc
99

) is a radionuclide of interest due to it’s long half-life (2.13 x 10
5
 years), nearly 

unretarded subsurface migration, and toxicity. Large quantities of Tc have been produced 

through the reprocessing of U
235

 (6% yield) during cold war era weapons production and nuclear 

power generation (Icenhower et al. 2008). As a result, Tc is present as a contaminant at several 

Department of Energy (DOE) facilities including the Hanford, Oak Ridge, Paducah, Portsmouth, 

and Savannah River Sites (DOE 2009). On the Hanford Site, Eastern Washington, 96,900 metric 

tons of uranium contaminated waste were treated from 1944 to 1990; much was stored in single 

shell and double shelled tanks or disposed to the soil (Gephart 2003). Nearly 450 billion gallons 

of reprocessed waste containing metals, radionuclides, and organic contaminants were 

discharged directly to the Hanford vadose zone; as a result, Hanford is one of the most 

contaminated waste sites in the United States (Gephart 2003).  

The current conceptual model for Tc transport in the vadose zone assumes that Tc is 

predominantly present in its oxidized form as the pertechnetate anion (TcO4
-
), which is highly 

soluble and mobile. Under reducing conditions Tc can precipitate as sparingly soluble Tc oxide 

(TcO2·nH2O) and/or Tc sulfide (Tc2Sx) phases; however these species are not expected to be 

present within the vadose zone due to the presence of abundant oxidants (oxygen, nitrate, and 

sulfate).  

Current models of Tc transport within the vadose zone at the Hanford Site do not fully 

explain the shallow depth that the Tc is located. In oxic sediments with low organic carbon 

content, TcO4
- 
is expected to move at the porewater velocity. Initial modeling studies indicated 

that Tc should reach the groundwater (210 m depth) between 40 to 135 years after disposal 

(Hartman et al. 2004); however, Tc is still present in the vadose zone at depths as shallow as 6 to 

40 m below ground surface nearly 50 years after the release of waste fluids (Rucker and 

Sweeney 2004; Ward et al. 2004).  

 The objective of this study is to evaluate the mechanisms for transport and retention of Tc in 

Hanford sediments, under vadose zone conditions. While some of the topics are site specific, the 

underlying physical processes and geochemistry are relevant to other Tc contaminated sites. 

The first paper of this dissertation (Chapter 2) addresses the impact of the physical 

mechanisms on the transport of TcO4
-
 in unsaturated column experiments. This study examined 

the impact of anion exclusion, diffusion limited mass transfer (and the formation of preferential 
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flow paths), and hydrodynamic dispersion on TcO4
- 

transport using laboratory scale column 

experiments.  

The second paper (Chapter 3) focused on the impact of chemical mechanisms on the 

retention of Tc. In this section, potential interactions between a characteristic waste stream and 

Hanford sediments were predicted using geochemical modeling. Tc mineral association in 

environmentally contaminated Hanford sediments were evaluated using sequential extractions. 

Surface techniques were used to evaluate the mineralogical phases. 

Utilizing the understanding of Tc retention obtained in the first and second papers, the third 

paper (Chapter 4) evaluated a coupled approach for Tc stabilization. Prior studies have shown 

that reduced Tc in the form of TcO2·nH2O can rapidly reoxidize, where Tc2Sx phases can remain 

reduced for significantly longer periods of time. The coordinated application of nano-Zero 

Valent Iron (nZVI) and Sulfide (HS
-
) was tested for use in reductive immobilization of Tc as a 

Tc sulfide (Tc2Sx) phase.  

As a whole, the aim of this work is to provide an understanding of the transport and retention 

of Tc in the vadose zone and test a new approach for the immobilization of Tc. The results of 

this study provide new information which alters the conceptual framework for the transport and 

retention of Tc in natural systems.  
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2.1 Abstract 

The transport of technetium (Tc
99

), like many other radionuclides, is of interest due to 

the potential for human exposure and impact on ecosystems. Technetium has been released to 

the environment through nuclear power production and nuclear fuel processing; as a result, 

further spreading of Tc is a concern at DOE sites across the US. Specifically, Tc is a 

contaminant of concern at Hanford and Savannah River. The current body of work conducted on 

Tc has provided a wealth of information regarding the redox relationships, sorption, solubility, 

and stability of the mineral phases (Artinger et al., 2003; Beals and Hayes, 1995; Cui and 

Eriksen, 1996b; Gu and Schulz, 1991; Jaisi et al., 2009; Keith-Roach et al., 2003; Kumar et al., 

2007), however little work has been conducted on the physical transport of the highly soluble 

pertechnetate oxyanion (TcO4
-
), in unsaturated sediments.  

In this work, we analyze the transport behavior of Tc in unsaturated sediments by 

evaluating the potential impacts of anion exclusion, diffusion limited mass transfer, and water 

content on transport velocity and dispersivity. Results from experiments conducted in four 

different sediment mixtures, at three different saturations, found that anion exclusion and 

diffusion limited mass transfer did not increase or decrease the transport velocity of TcO4
-
, 

relative to the pore water velocity determined with a PFBA tracer. The study of unsaturated 

dispersivity found that as the as the water content decreased, the modeled dispersivity increased, 

across all sediment types. 

2.2 Introduction 

Technetium (Tc
99

) is a β-emitter with a half-life of 2.13 x 10
5
 years. Large quantities of 

Tc have been produced during the reprocessing of 
235

U and released to the environment through 

waste disposal and storage processes. The transport of Tc, like many other radionuclides, is of 

interest due to the potential for human exposure and impact on ecosystems. Specifically, Tc is a 

contaminant of concern at several DOE facilities including the Hanford, Oak Ridge, Paducah, 

Portsmouth, and Savannah River Sites. Although detailed information is available on aqueous 

speciation, redox reactions, sorption of Tc to saturated sediments, and on the solubility and 

stability of Tc mineral phases (Gu and Schulz 1991; Beals and Hayes 1995; Cui and Eriksen 

1996; Artinger et al. 2003; Keith-Roach et al. 2003; Kumar et al. 2007; Jaisi et al. 2009); little 

work has been conducted on the physical transport of the highly soluble pertechnetate oxyanion 

(TcO4
-
) in unsaturated sediments.  
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Current conceptual models do not explain the presence and persistence of Tc in deep 

vadose zone environments such as the Hanford Site (Ward et al. 2004). In oxic sediments with 

low organic carbon content, Tc is expected to be weakly sorbed with a retardation factor ≈ 1 

(Higgo and Rees 1986; Wildung et al. 1986; El-Wear et al. 1992; Bird and Schwartz 1997; 

Cantrell et al. 2003). However, nearly 50 years after the release of waste fluids at the Hanford 

site, Tc is still present in the vadose zone at depths as shallow as 6 to 40 m below ground surface 

(Ward et al. 2004). Several mechanisms have been proposed to account for the retarded transport 

of Tc in the vadose zone of the Hanford Site: such as, capillary retention of Tc in immobile 

water within fine grained sediment layers (Ward et al. 2004), and capillary barriers created above 

coarse grained sediment layers (Ward et al. 2004; Hunt and Skinner 2010). In this study we 

investigated three additional mechanisms potentially affecting Tc transport in the vadose zone: 

(1) anion exclusion, (2) diffusion limited mass transfer, and (3) hydrodynamic dispersion, all of 

which are strongly impacted by both sediment particle size distribution and water content. 

2.2.1 Anion Exclusion  

Prior laboratory and field experiments have demonstrated that electrostatic repulsion can 

increase the apparent transport velocity of negatively charged ions in solution, by “excluding” 

anions from water layers close to charged mineral surfaces (Gvirtzman and Magaritz 1986; 

Gvirtzman et al. 1986; Wierenga and Van Genuchten 1989; Gvirtzman and Gorelick 1991). The 

effect may be quantified using a retardation factor, R: 

1 dK
R




                         (1.1) 

ρ is the bulk density (g cm
-3

), Kd is the equilibrium distribution coefficient (ml g
-1

), and θ water 

filled pore space. In oxic conditions and within the pH range of 8.0 to 14.0, Tc exists as the 

pertechnetate anion TcO4
-
.  Tc transport experiments in saturated Hanford sediments by Kaplan 

et al. (1996) found that Kd, ranged from -0.16 to 0.11 mL g
-1

 and R ranged from 0.66 to 0.88, 

with the lowest values correlating to fine grained silt and clay units. There have been no previous 

experimental studies of Tc transport in unsaturated Hanford sediments; however literature 

regarding Cl
-
 transport in the vadose zone (Gvirtzman and Magaritz 1986; Gvirtzman et al. 

1986), does suggest exclusion can increase the transport velocity of anions. Therefore, it is 

expected that Tc may transport faster than pore water velocity in sediments which have a 

negative equilibrium distribution coefficient.  
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2.2.2 Diffusion Limited Mass Transfer 

It has long been established that domains containing ‘immobile water’ can occur in 

saturated and unsaturated sediments (Nielsen and Biggar 1961; Biggar and Nielsen 1962; Corey 

et al. 1963; Krupp et al. 1972; Gaudet et al. 1977; Bond and Wierenga 1990). Immobile water 

may exist in thin liquid films around soil particles, in dead-end pores, or in hydraulically isolated 

but diffusion accessible regions of disconnected pore space (Nielsen et al. 1986) or by larger 

scale heterogeneities (Haggerty and Gorelick 1995).   

Diffusion limited mass transfer of solutes between mobile and immobile water domains 

is typically detected and quantified by fitting the characteristic ‘early’ breakthrough and 

‘extended tailing’ of tracer breakthrough curves (e.g., Padilla et al. (1999)). For steady, one-

dimensional solute transport in homogeneous unsaturated porous media, with diffusion-limited 

transfer of solutes between mobile and immobile water domains, the advection dispersion 

equation may be written: 

x

c
v

x

c
D

t

c
Kf

t

c
Kf m

mm
m

mm
im

dim
m

dm


















 

2

2

])1([)(  

)(])1([ imm
im

dim cc
t

c
Kf 




      (1.2)

  

where the subscripts m and im refer to the mobile and immobile water domains, respectively;   

is the volumetric water content; f is discussed in more detail below and has been defined in two 

ways, (1) as the mass fraction of solids assigned to the mobile domain, or, (2) the fraction of 

sorption sites in equilibrium with the mobile domain;  is the bulk density of the sediment 

(g cm
-3

); c is concentration (μg cm
-3

); t is time (hr); D is the dispersion coefficient (cm
2
 hr

-1
); x is 

distance (cm); v is the pore water velocity (cm hr
-1

); and   is a mass transfer coefficient (hr
-1

). 

Additional assumptions include equilibrium sorption, and a linear sorption isotherm with the 

same equilibrium distribution coefficient, Kd in both domains (ml g
-1

). 

The ‘mobile water fraction’, θm /θ, the portion of the total water content associated with 

the mobile water domain, has been shown by some to decrease with decreasing water content 

(Gaudet et al. 1977; De Smedt and Wierenga 1979; Bond and Wierenga 1990; Gamerdinger and 

Kaplan 2000), while others (Griffioen et al. 1998), have reported that the mobile water fraction, 

was either constant or increased with decreasing water content. Disparities in the conclusions of 
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these studies are likely due to differences in the procedures used to collect and model the 

experimental data. Particularly, (1) the number of fitted parameters used to model tracer 

breakthrough curves, which have ranged from two (Gamerdinger and Kaplan, 2000) to three 

(Bond and Wierenga, 1990) or four (De Smedt et al., 1986; Padilla et al., 1999), resulting in 

varied estimates for the immobile water fraction, and (2) the typically narrow range of water 

contents examined, which can limit the ability to detect trends in fitted parameters with water 

content (DeSmedt et al. 1986; Padilla et al. 1999; Gamerdinger et al. 2001; Gamerdinger et al. 

2001). 

The presence of immobile water domains in unsaturated Hanford vadose zone sediments 

has been previously proposed to explain tailing in breakthrough curves for a conservative tracer 

(Br
-
) (Gamerdinger and Kaplan 2000) and a sorbing radionuclide (U) (Gamerdinger et al. 2001; 

Gamerdinger et al. 2001; Wellman et al. 2008). Studies determined that Br
-
 and U transport 

behaviors were altered by the changing pore network which redirected pore water to alternate 

flow paths as water content decreased. While an extensive suite of experiments have been 

conducted to evaluate the effects of diffusion limited mass transfer on U transport (Gee and 

Heller 1985; Gamerdinger et al. 1998; Gamerdinger et al. 2001; Gamerdinger et al. 2001; 

Wellman et al. 2008), similar experiments for Tc transport has not been conducted. In particular, 

the effect of diffusion limited mass transfer on Tc transport is expected to increase with 

decreasing water content, as more immobile domains are formed (Gamerdinger et al. 2001; 

Gamerdinger et al. 2001).  

2.2.3 Hydrodynamic dispersion 

Hydrodynamic dispersion is attributed to pore water velocity variations occurring at a 

variety of spatial scales (Bear, 1972) and for steady, 1D flow may be described by: 

eD v D       (1.3) 

where D is the dispersion coefficient (cm
2
 hr

-1
), α is dispersivity (cm), v is pore water 

velocity (cm hr
-1

) and De is the effective diffusion coefficient (cm
2
 hr

-1
). Prior studies have 

evaluated hydrodynamic dispersion as a function of transport distance (Gelhar et al. 1992) 

and water content (Yule and Gardner 1978; Desmedt and Wierenga 1984; DeSmedt et al. 

1986; Maraqa et al. 1997; Padilla et al. 1999; Nutzmann et al. 2002; Toride et al. 2003; 

Vanderborght and Vereecken 2007) but inconsistent results have been obtained with regard 

to the effect of water content on dispersivity. For example, Nutzmann et al. (2002) reported 
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that dispersivity increases with decreasing water content for a glass bead pack. Toride et al. 

(2003) reported that dispersivity initially increases and then decreases as water content 

decreases. However, when their results are plotted with data from (Padilla et al. 1999), 

values appear to increase as water content decreases. Differences between these studies are 

likely due to the inherent difficulty of conducting transport experiments in unsaturated 

sediments and to the varying approaches used to estimate dispersivity from breakthrough 

curves. Understanding changes in dispersivity and the impact on technetium transport at 

low water contents in a variety of sediments will enable a better understanding of Tc 

transport in the vadose zone.  

Monitoring data at sites such as Hanford suggest that field-scale Tc transport in the 

vadose zone is affected by saturation dependent anisotropy in hydraulic properties caused by 

sediment layers with varying particle sizes (e.g. the presence of capillary barriers created by 

coarse over fine grained sediment layers) to this point (Ward et al. 2004; Hunt and Skinner 

2010), however, these have not been investigated under controlled laboratory conditions.  

Based on equilibrium distribution coefficients determined by Kaplan and Serne (1998), 

it appears anion exclusion may accelerate Tc transport in sediment; however there is no evidence 

of this process at the field scale. Prior studies of Hanford sediments have also shown mobile-

immobile domains to increase tailing in U and Br
-
 transport at low water contents (Gamerdinger 

and Kaplan 2000; Gamerdinger et al. 2001). It is therefore also expected that Tc tailing would 

increase due to the formation of immobile domains at low water contents regardless of sediment 

particle size distribution. Lastly, there is currently a lack of consensus on how dispersivity 

changes as a function of water content in natural sediments with varying particle size 

distribution. Multiple studies have suggested the dispersivity can either increase or decrease as a 

function of water content (Padilla et al. 1999; Toride et al. 2003). Additional studies are needed 

to evaluate the impact of water content on dispersivity.  

A series of column experiments was conducted to evaluate the impact of water content 

on Tc transport in Hanford vadose zone sediments. Specific objectives were 1) to evaluate the 

impact of anion exclusion on Tc transport in unsaturated sediments with varying particle size 

distributions, 2) to quantify the potential effect of diffusion limited mass transfer between mobile 

and immobile water domains on Tc transport under unsaturated conditions, and 3) to quantify the 

effect of water content on fitted breakthrough curve parameters. The combined effect of these 

processes is expected to lead to early arrival and extended lag (or “tailing”) in the Tc movement. 
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Based on prior studies, (Gamerdinger and Kaplan 2000) the early breakthrough is expected to be 

dominant in the sediments with a wide particle size distribution at low water contents. This study 

was needed to decouple the mechanisms controlling the distribution and transport of Tc in the 

vadose zone observed at the field scale, from soil and contaminant characteristics observable at 

the lab scale. And, as stated prior, to specifically examine the impact of anion exclusion and 

diffusion limited mass transfer of Tc as a function of water content.  

2.3 Materials and Methods 

2.3.1 Sediments and Groundwater 

Transport experiments were conducted with two previously characterized Hanford 

formation sediments: the ‘Medium Coarse Sand’ (‘100% sand’) and the Warden silt loam 

(‘100% silt’) (Campbell 1990; Serne et al. 1993) and two mixtures of these sediments: 70% 

sand/30% silt and 30% sand/70% silt.  

These sediments and mixtures were to be representative of the range in particle sizes and 

mineralogies of Hanford vadose zone sediments (Campbell 1990; Serne et al. 1993). Particle size 

analyses were conducted according to ASTM Procedure 0854. The analysis confirmed that the 

Warden silt loam, was composed of finer grained silt sized particles, where the medium coarse 

sand was mostly sand sized particles (Figure 1). Particle densities were previously determined to 

be 2.74 g cm
-3

 for the MSC sand and 2.69 g cm
-3

 for the Warden silt loam (Gamerdinger and 

Kaplan 2000).  

Filtered (< 0.45 µm) uncontaminated Hanford groundwater with a pH of 8.4 and 

composition of dilute carbonate, calcium, sodium, and sulfate (Kaplan et al. 1998) was used as 

the pore water for all experiments.  

2.3.2 Test solutions 

Pentafluorobenzoic acid (PFBA) (Alfa Aesar) was selected as a conservative tracer 

based on its low sorption to sediments (the pKa for PFBA is 1.6, which indicates PFBA is 

completely deprotonated at the pH of the Hanford groundwater, 8.4) (Atkinson and Bukowiecki, 

2000). A PFBA concentration of 125 ppm was used in all experiments. Technetium solutions 

(100 to 500 ppt) were prepared in Hanford groundwater from a stock 100 ppm ammonium 

pertechnetate solution.  

2.3.3 X-Ray Microtomography (XMT) 

X-ray Microtomography (XMT) (North Star Imaging, Inc) was conducted to evaluate 

sediment packing in the columns used for transport experiments. Packed columns were rotated 
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360º around the long axis (aligned with the flow direction during transport experiments) while 

two-dimensional x-ray images were collected on a series of planes oriented perpendicular to the 

long axis using a computer controlled sample manipulator. X-ray images were reconstructed to 

produce a three-dimensional representation of X-ray absorbance within the column. The X-ray 

generator was a Fienfocus model 160.48 160 kV Microfocus X-ray Unit with a 5 µm spot size 

and 10 to 160 KeV range. Columns were scanned at 105 KeV with one stainless steel filter to 

reduce beam hardening. The X-ray detector was a Varian Paxscan 2520V Amorphous Silicon 

Cesium Scintillator with a 20.32 cm x 24.5 cm image area. A computer data acquisition, 

instrument control, and image reconstruction system with efx-ct software controlled sample 

movement and X-ray manipulation.  

Three-dimensional distributions of sediment bulk density and porosity were computed 

from the XMT images. X-ray attenuation across the bulk sample was evaluated and found to 

decrease linearly with distance, indicating no evidence of beam hardening within the XMT 

sample (Taud et al. 2005). Images were imported into Avizo Fire ® image processing software 

and visualized using an orthoslice module. The point measurement module was used to extract 

relative intensity measurements from regions of the column with known mineralogy and particle 

density. Using the relative intensity measured from the air phase, the sediment particle density, 

and the known bulk density (obtained from a point measurement which was averaged over the 

entire cross sectional area of the packed column), a three component calibration curve was 

developed to determine the linear attenuation coefficient for each sample. Four slices from each 

column were selected and measurements were collected over a predetermined grid (Figure 2). 

Seventeen intensity measurements were taken within a circle with a 25 pixel radius, and an area 

of 2.54 mm
2
 (shown as the blue circle, Figure 2), and within a circle with 100 pixel radius, and 

an area of 40.7 mm
2 
(shown as the green circle, Figure 2). Bulk density measurements were 

taken by averaging the intensity over the whole column cross-section, which was a circle with a 

radius of 600 pixels and an area of 1465 mm
2 
(purple circle, Figure 2). Using the known intensity 

values, and sample porosity, sediment density, and bulk density, the linear attenuation coefficient 

was determined. Individual point intensity measurements were then plotted as function of the 

linear attenuation coefficient, and the localized bulk density and porosity were determined.  

2.3.4 Transport Experiments  

Transport experiments in saturated sediments were conducted to determine the saturated 

dispersivity. Columns (5.5 cm long x 2.5 cm radius) were packed with oven dried sediment or 
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sediment mixtures; bulk density ρb (g cm
-3

)
 
and water content were determined gravimetrically. 

Packed sediments were saturated with Hanford groundwater by continuous pumping with an 

infusion pump (AVI 201A 3M Infusion Pump) at a rate of ~0.5 pore volumes hr
-1

 until ~20 pore 

volumes of Hanford groundwater had passed through the column. Transport experiments were 

conducted by pumping 6 pore volumes of Hanford groundwater containing PFBA followed by 

~6 pore volumes of PFBA-free Hanford groundwater. Samples of column effluent were 

collected every ~0.5 pore volumes with a Spectra/Chrom Fraction Collector (CF-2). 

Transport experiments were conducted in unsaturated sediments using an unsaturated 

flow apparatus (UFA) (Model L-8 UFA, Beckman Coulter, Inc., Fullerton, California) according 

to the method developed by Gamerdinger and Kaplan (2000). Columns (5.9 cm long x 2.25 cm 

radius) were packed with air dried sediment or sediment mixtures; bulk density ρb (g cm
-3

)
 
and 

initially saturated at a flow rate of ~0.1 pore volumes hr
-1

 for ~20 pore volumes. Fluid flow was 

delivered to the column inlet using an infusion pump; free drainage occurred at the column 

outlet. Columns saturated with Hanford groundwater were placed in the centrifuge and steady 

state unsaturated flow (inflow=outflow) was established prior to initiation of the tracer tests. The 

targeted water content was achieved by adjusting the fluid delivery rate and the speed of rotation 

within the centrifuge; water content was determined gravimetrically. The transport experiments 

were conducted by adding a step impulse of either PFBA or Tc in Hanford groundwater 

followed by unspiked Hanford groundwater to flush the PFBA or Tc from the column. During an 

experiment, column effluent samples were collected manually, which required temporarily 

stopping flow and rotation of the centrifuge. No artifacts from momentary stop flow have been 

observed in prior transport experiments using tracers or colloids (Nimmo 1990; Gamerdinger 

and Kaplan 2000). 

Transport experiments were conducted for four sediment types or mixtures, over a range 

in water contents (0.06 to 0.43) and pore water velocities (0.3 to 29.6 cm hr
-1

) (Table 1). 

2.3.5 Chemical Analysis  

PFBA analysis was by HPLC (Supelcolsil LC-PAH 15 cm column and a Gilson (119) 

UV-VIS spectrophotometer), with a 40% HPLC grade methanol solvent in deionized water. 

Tc analysis was conducted by ICP-MS (Perkin Elmer ICP-MS, Elan DRC II).  

2.3.6 Transport Modeling 

Experimental breakthrough curves were fit using the CXTFIT module within the 

STANMOD HYDRUS 1-D interface (Simunek et al. 2008). PFBA breakthrough curves were fit 
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using the ADE to determine the dispersion coefficient and retardation factor for each 

experiment; porewater velocity was also computed directly from measured water flux and 

volumetric water content. 

PFBA breakthrough curves were also fit using a 2 region physical non-equilibrium 

model with mobile and immobile pore domains. In all cases it was initially assumed that R was 

near one for PFBA transport and later confirmed by moment analysis, in cases where the ADE 

equation did not provide an adequate fit with an R = 1, the R parameter was allowed to fit as 

well. This action is supported by the assumption that non-equilibrium was negligible with regard 

to R but not D and by Atkinson and Bukowiecki (2000) who have shown the Kd of PFBA to be 

2.1 x 10
-5

 mL g
-1

 with no evidence of anion exclusion, in similar sediment. A forward model, 

using parameters obtained from the corresponding PFBA inverse model, was run for each of the 

columns using the experiments and overlaid on the Tc breakthrough curve. An inverse model of 

the Tc data was also conducted. No significant difference between the parameters obtained from 

the PFBA inverse model and the Tc inverse model, were observed.  

Two additional forward models were conducted to evaluate the potential impact of 

mobile-immobile domains and anion exclusion. The mobile-immobile model was conducted 

using transport parameters (D, α, and ω) obtained by Gamerdinger and Kaplan (2000) using the 

same sediment under similar transport conditions (Figure 6). An anion exclusion model was also 

run, with R reduced to 0.66, but D and v kept constant.  

2.4 Results and Analysis 

2.4.1Transport Experiments 

For use in interpreting transport experiments, R for PFBA was set at ~1, which is 

consistent with the small equilibrium distribution coefficient of PFBA, 6.4x10
-5

 mL g
-1

 reported 

for similar sediments (Atkinson and Bukowiecki 2000). Fitted values of the dispersion 

coefficient, D, ranged from 0.2 to 60 cm
2
 hr

-1 
and varied as a function of flow rate (Table 1) and 

water content (Figure 3). The increase in dispersion coefficient in the 100% sand column, over 

the range of measured water contents, was much larger than the increase in D in columns with 

30% or greater silt. The lower values of dispersion coefficients in the saturated columns are 

attributed to lower pore water velocities.  

Fitted dispersivities for columns packed with 100% sand ranged from 0.02 cm, in the 

100% silt column to 4.94 cm in the 100% sand column (Figure 4). For all columns, dispersivity 
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increased with decreasing water content, the greatest change was observed in the 100% sand 

column.  

In all experiments PFBA breakthrough curves were similar to Tc breakthrough curves 

(Figure 5) and there was no statistical difference in fitted transport parameters for PFBA and Tc.  

A forward model prediction of the transport experiment conducted in the 100% silt 

column (water content of 0.20), was run using the measured Kd for Tc of -0.18 mL g
-1

 (Kaplan et 

al. 1996) and transport parameters obtained from the PFBA model fits (Figure 6). Additional 

forward modeling was conducted using transport parameters reported by Gamerdinger and 

Kaplan (2000), which were obtained using the same sediment under similar transport conditions 

(Figure 6). Both the anion exclusion and Gamerdinger and Kaplan (2000) models have earlier 

breakthrough and different tailing behavior than observed in the Tc transport experiment 

reported here.  

2.4.2 Soil Characterization and X-ray Microtomography (XMT)  

An XMT image of the 30% sand/70% silt sediment column prior to water saturation 

showed consistent packing and the absence of preferential flow paths (Figure 2). Image analysis 

was conducted using the commercially available Avizo Fire® image processing software. Mass 

balance calculations yielded a porosity of 0.09 to 0.57 cm
3
 cm

-3
 over the smallest sample regions 

(blue circles) corresponding to a bulk density 3 to 1.4 g cm
-3

. The computed porosity range for 

the medium sample regions (green circles) ranged from 0.105 to 0.37 cm
3
 cm

-3
, corresponding to 

a bulk density of 2.0 to 1.7 g cm
-3

. The porosity of the entire sample measured from x-ray 

attenuation ranged from 0.33 to 0.36 cm
3
 cm

-3
, which is similar to porosity computed 

gravimetrically (0.35 cm
3
 cm

-3
). 

2.5 Discussion  

Our study investigated the transport behavior of Tc in unsaturated natural sediments 

representative of the Hanford vadose zone, by evaluating the effect of water content on the 

potential for anion exclusion, diffusion limited mass transfer, and dispersion. Experimental 

results confirmed that Tc was transported at the pore water velocity. Evidence for preferential 

flow paths, anion exclusion, or non-equilibrium transport, was not observed in our experiments.  

Forward modeling of Tc using negative equilibrium distribution coefficients determined 

in prior studies (Kaplan and Serne 1998) did not fit the experimental Tc breakthough curve, 

indicating anion exclusion was likely not an important process affecting Tc transport, even for 

the finest grained sediment (100 % silt) and lowest water content (0.18) (Figure 5). In some 
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experiments, (e.g., 100% sand and water content of 0.07) the tailing behavior in experimental 

breakthrough curves was not as well matched by the ADE model. However, in these cases, fits 

with a mobile-immobile model, did not provide a statistically better fit to the data than the ADE 

model. Using inverse modeling, the potential existence of preferential transport pathways was 

evaluated (Figure 6); results indicated the breakthrough curve was representative of a column 

where the entire pore network was active; therefore further evaluation of disconnected water 

domains was not warranted.  

Numerous prior studies have evaluated Tc sorption and transport (Beasley and Lorz 

1984; Huie et al. 1988; Sheppard and Thibault 1988; Sheppard and Thibault 1991; Bird and 

Schwartz 1997; Kaplan and Serne 1998; Baston et al. 2002; Artinger et al. 2003; Liu et al. 2003; 

Istok et al. 2004), as well as the impact of field scale heterogeneity on Tc mobility (Ward et al. 

2004; Hunt and Skinner 2010), but none have assessed transport in unsaturated Hanford 

sediments under controlled experimental conditions.  

Prior sorption studies conducted by Kaplan and Serne (1998) indicated that anion 

exclusion can affect Tc transport. Experiments measured Kd values ranging from -0.16 to 0.11 

mL g
-1

 in natural Hanford sediments (Kaplan and Serne 1998). Other studies (Gvirtzman et al. 

1986; Gvirtzman and Gorelick 1991) have evaluated transport velocity of other anions, such as 

Cl
-
 and SO4

2-
, and have shown anion exclusion to result in a 2 fold increases in the pore water 

velocity in vadose zone environments. In our studies, there was no evidence Tc transported faster 

than the pore water velocity, under the reported experimental conditions. The measured Kd for 

Tc (Kaplan and Serne 1998) would correlate to retardation values, R, of 0.51 to 1.33 in the 100 

% silt column. Figure 6, illustrates the comparison between the Tc transport data from the 100% 

silt column at a water content of 0.20 and shows the forward model with anion exclusion (R=0 

.51) does not match the measured Tc. Results therefore indicate that the bulk Kd for transport 

studies, is ~ 0 mL g
-1

 and that Tc transport is not significantly altered by anion exclusion. 

Multi-domain models which include diffusion limited mass transfer and mobile-

immobile domains, did not describe the Tc transport behavior over a range of sediment particle 

size distributions and water contents. This result conflicts with prior experiments (Gamerdinger 

and Kaplan 2000; Gamerdinger et al. 2001; Gamerdinger et al. 2001) which have reported the 

formation of mobile-immobile domains and mass transfer for both Br
-
 and U in the same 

sediments used in these experiments. Upon further evaluation, we compared previously 

unpublished XMT images of the Gamerdinger et al. (2001) 100% silt column to the 100% silt Tc 
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transport column reported here and observed significant differences in sediment density, likely 

due to packing artifacts in the Gamerdinger et al. (2001) column. Unlike other studies, we had 

the unique capacity to evaluate column packing using XMT prior to conducting transport 

experiment. Comparison of the 100% silt column of Gamerdinger and Kaplan (2001) to the 

100% silt column used in the Tc experiments clearly show that preferential flow paths in the may 

have contributed to the presence of mobile-immobile domains (Figure 7).  

Within the larger body of research (Nielsen and Biggar 1961; Biggar and Nielsen 1962; 

Corey et al. 1963; Krupp et al. 1972; Gaudet et al. 1977; Nielsen et al. 1986; Bond and Wierenga 

1990) it is generally accepted that as water content decreases and the pore network becomes 

disconnected, immobile domains develop. Our findings highlight the need for careful evaluation 

of packing geometry and transport behavior parameters. Differences in the packing geometry can 

result in increased fitted dispersion and dispersivity. Fitted dispersivities for the 100% sand 

column, at a water content of 0.057, reported by Gamerdinger and Kaplan (2000) column are 4 

times the column length and 6 times the fitted dispersivity obtained in our experiment, under 

similar transport conditions. In the 100% silt column, at a water content of 0.20, the dispersivity 

determined by Gamerdinger and Kaplan (2000) was nearly an order of magnitude higher than 

ours at a similar water content. According to Vervoort et al. (1999), dispersivities which exceed 

the column length, correlate to low Peclet numbers and indicate the presence of preferential flow 

paths.  

A relationship between dispersivity and water content was observed in these 

experiments, as water content decreased the fitted dispersivity increased. Our results correspond 

well with the results of Nutzmann et al. (2002) who also found a similar relationship within a 

glass bead pack; as well as those of Bromly and Hinz (2004) who found dispersivity to be 

inversely proportional to water content over the length of a 40 cm column. Toride et al. (2003) 

observed an increase and then decrease in dispersivity as water content decreased; however 

when their results are plotted with data from Padilla et al. (1999), values increase as water 

content decreases. More recently, Mayer et al. (2008) observed a similar trend. Other studies 

have found dispersivity to decrease with water content within undisturbed field cores (Comegna 

et al. 2001; Vanderborght and Vereecken 2007). As indicated by Bromly and Hinz (2004), it is 

not clear if the observed differences in these results are due to the experimental conditions or 

actual physical processes. However, increasing dispersivity with decreasing water content is 
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supported by the conceptual theory that at lower water contents flow paths are more tortuous 

(Desmedt and Wierenga 1984; Padilla et al. 1999).  

On a broader scope, these results indicate that it field scale heterogeneity and saturation 

dependent conductivity are most likely the controlling mechanisms for Tc transport in the vadose 

zone at the Hanford site. It is probable that Tc, in the form of pertechnetate, is being transported 

at the pore water velocity, indicating the low conductivities and heterogeneity are responsible for 

the observed limited vertical distribution of Tc. Site characterization, coupled with an accurate 

conceptual model of the region will be necessary for predicting Tc transport behavior and 

vertical as well as lateral Tc migration.  

The observations made in this study are limited to 1-D homogeneously packed column 

experiments; the impact of heterogeneity and differences in horizontal anisotropy were not 

explored in this study, however modeling studies conducted by Ward (2004) and Hunt and 

Skinner (2010) have evaluated the impact of horizontal anisotropy and found it to be a 

significant mechanism controlling contaminant transport at the Hanford site.  

Additionally, this study focused solely on the hydraulic mechanisms for the transport 

and retention of Tc in unsaturated sediments. Geochemical mechanisms may be responsible for 

the retention of some Tc within in anaerobic microenvironments (Cui and Eriksen 1996; Cui and 

Eriksen 1996; Peretyazhko et al. 2008; Peretyazhko et al. 2008; Skomurski et al. 2010). While, 

the geochemical retention of Tc is not expected to be a dominant process (Zachara et al. 2007), it 

should not yet be excluded entirely.  

Future experiments are needed to evaluate the impact of heterogeneity on diffusion 

limited mass transfer between fine and coarse grained contacts in vadose zone environments. 

Since columns used in this study were homogeneously packed, the impact of heterogeneity was 

not addressed. Studies conducted by McKinley (2006) have shown diffusion into microfractures 

and mineral precipitation, can significantly impact the fate of U transport in Hanford vadose 

zone sediments; by analogy similar mechanisms may also be impacting the transport of Tc. 

2.6 Conclusions 

Transport experiments were conducted to using an unsaturated flow apparatus to 

evaluate the potential impact of anion exclusion, the formation of immobile domains, and 

saturation dependent dispersivity on the transport of Tc in natural Hanford sediments.  

Experiments determined that Tc transport velocity was not impacted by anion exclusion 

or by the formation of immobile domains within the column. Dispersivity was found to increase 
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with decreasing water content. The highest dispersivity was observed in the columns with the 

greater fraction of large grained sediments. In all columns the Tc transported at pore water 

velocity and was fit using an ADE equation.  

These experiments indicate technetium mobility under vadose zone conditions, in the 

form of pertechnetate, is likely controlled by the dominant transport pathways determined by 

water content dependent conductivity, site heterogeneity, and infiltration. Additional site specific 

studies are needed to develop an accurate conceptual model for technetium transport and 

distribution in heterogeneous sediment systems. 
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Figure 1: Particle size distribution of sediments used in Tc transport experiments 
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Figure 2: Bulk density and porosity analysis of the 30% Sand/70% Silt column using XMT. 

Circles on the image (left) represent sample regions that correspond to the porosity point 

measurements on the right. The red data point indicates the experimentally measured porosity.  
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Figure 3: Effect of water content on fitted dispersion coefficients for Tc transport experiments 
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Figure 5: Experimental data and fitted breakthrough curves for Tc transport experiments, legend 

applies to all graphs, a) 100% silt, θ=0.28; b) 100% silt, θ=0.20; c) 100% silt, θ=0.18; d) 30% 

sand/70% silt, θ=0.26; e) 30% sand/70% silt, θ=0.15; f) 30% sand/70% silt, θ=0.12; g) 70% 

sand/30% silt, θ=0.20; h) 70% sand/30% silt, θ=0.14; i) 70% sand/30% silt, θ=0.11; j) 100% 

sand, θ=0.11; k) 100% sand, θ=0.08; l) 100% sand, θ=0.07 
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Figure 6: Forward model for 100% silt column at θ=0.2 using mobile-immoble (MIM), 

advection dispersion (ADE) and anion exclusion model parameters. MIM parameters were 

obtained from Gamerdinger and Kaplan (2000) experiments conducted under identical 

conditions.  
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Figure 7: (left) XMT image of Gamerdinger and Kaplan (2001) 100% silt column, (right) XMT 

image of 100% silt column used in this study  
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Table 1: Experimental conditions and fitted model parameters 

 

Sediment 

Type 

ρb, g cm
-3

 φ θ v, cm h
-1

 R D, cm
2
 hr

-1
 D, cm 

100% Silt 1.4 0.47 0.428 9.8 1.00 0.2 0.0 

1.5 0.49 0.28 10.0 1.00 4.4 0.4 

1.5 0.49 0.20 6.2 1.00 3.5 0.6 

1.5 0.49 0.18 0.3 1.00 0.2 0.7 

30% Sand/ 

70% Silt 

1.9 0.42 0.42 6.0 1.00 0.3 0.1 

2.0 0.35 0.26 11.4 1.00 7.1 0.6 

2.0 0.35 0.15 10.2 1.00 9.7 0.9 

2.0 0.35 0.12 0.5 1.00 0.7 1.4 

70% Sand/ 

30% Silt 

2.1 0.36 0.36 6.9 1.00 2.8 0.4 

1.8 0.29 0.20 29.2 1.00 30.4 1.0 

1.8 0.29 0.14 6.9 1.00 13.4 2.0 

1.8 0.29 0.11 3.0 1.00 7.4 2.5 

100% Sand 1.7 0.39 0.39 21.7 1.00 13.7 0.6 

1.6 0.46 0.11 58.1 1.00 60.0 1.0 

1.6 0.46 0.08 16.6 0.79 45.1 2.7 

1.6 0.46 0.07 8.8 2.24 43.4 4.9 
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3.1 Abstract 

The transport of Tc, like many other radionuclides is of interest due to Tc’s mobility, 

persistence, and toxicity in the environment. This study evaluated the geochemical retention of 

Tc by modeling the interaction of a treated tributyl phosphate (TBP) waste stream with the 

mineralogy of Hanford sediments. The TBP waste stream was composed of high (M) 

concentrations of sodium and nitrate, and lower concentrations (mM) of phosphate, sulfate, 

ammonia, potassium, Tc and U. Tc mineral association in environmentally contaminated 

Hanford sediments was evaluated using sequential extractions and electron microprobe.  

Geochemical modeling indicated that the precipitation of hydroxyapatite and mirabalite 

were likely in sediments contaminated with a TBP waste stream. After an uncontaminated pore 

water flush (10 pore volumes), mirabalite completely dissolved, while hydroxyapatite remained 

stable. Sequential extractions showed that ~ 25 % of the total Tc was associated with iron oxides 

and aluminosilicate mineral phases. Concentrations of phosphate and iron were also elevated in 

the aluminosilicate extraction fluid. These results indicate that iron oxides and phosphate 

minerals, such as hydroxyapatite may contribute to Tc retention. While XANES analysis were 

inconclusive as to the Tc oxidation state, this study suggests that the Tc present in iron oxide and 

aluminosilicate extraction fluids was likely present as TcO2. 

3.2 Introduction 

Technetium (Tc-99) is a β-emitter with a half-life of 2.13 x 10
5
 years. The transport of 

Tc, like many other radionuclides, is of interest due to Tc’s mobility, persistence and toxicity in 

the environment (Wildung et al. 1979). Tc is present at several Department of Energy (DOE) 

facilities including the Hanford, Oak Ridge, Paducah, Portsmouth, and Savannah River Sites 

(DOE 2009). Although extensive information is available on Tc aqueous speciation, redox 

reactions, sorption, and the stability of Tc mineral phases in the saturated zone (Gu and Schulz 

1991; Beals and Hayes 1995; Cui and Eriksen 1996; Artinger et al. 2003; Keith-Roach et al. 

2003; Kumar et al. 2007; Jaisi et al. 2009); much less is known about processes affecting Tc 

transport in the vadose zone (Hunt and Skinner 2010).  

Some transport studies have focused on the retention of Tc in porewater within low 

vertical hydraulic conductivity sediment layers, while others have focused on the roles of site 

heterogeneity, incomplete waste inventories, and difficulty in accurately estimating infiltration 

rates for the Tc distribution in the vadose zone (Ward et al. 2004; Hunt and Skinner 2010). 

Despite extensive research, the current understanding does not explain the persistence of Tc in 
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the deep vadose zone at the Hanford Site (Ward et al. 2004). In oxic sediments with low organic 

carbon, such as those at the Hanford site, Tc is expected to exist as the pertechnetate oxyanion, 

TcO4
-
, which is expected to be weakly sorbed and highly mobile (Higgo and Rees 1986; 

Wildung et al. 1986; El-Wear et al. 1992; Bird and Schwartz 1997; Cantrell et al. 2003). 

However, nearly 50 years after the release of waste fluids at the Hanford site, Tc is still present 

in the vadose zone at depths as shallow as 6 to 40 m below ground surface (Ward et al. 2004; 

Um et al. 2009). In column studies using Hanford sediments, Jansik et al. (in review) found the 

impact of anion exclusion and diffusion limited mass transfer on TcO4
-
 transport to be negligible 

for a range of water contents and sediment particle sizes suggesting that other physical or 

geochemical processes are limiting vertical Tc migration.  

In this study, we consider how the treated waste stream generated at the B plant of the 

Hanford Site, may have altered the mineralogy of Hanford vadose zone sediment and the 

potential effects of these alterations on Tc mobility. From 1952 to 1958, tributyl phosphate 

(TBP) waste was treated using ferrocyanide processes (Rohrmann 1954; DOE 1992). Based on 

historical records (Rohrmann 1954; GE 1958), the TBP waste stream was disposed to waste 

cribs and trenches, which subsequently leaked into the vadose zone. The waste stream contained 

high (M) concentrations of sodium and nitrate, and lower concentrations (mM) of phosphate, 

sulfate, ammonia, potassium, Tc and U. The pH ranged from 8 to 11 (GE 1958). Serne et al. 

(1993, 2008) showed that mineralogical analyses from clean and waste impacted sediments were 

similar suggesting waste induced changes in mineralogy may be small. However, other studies 

(Gu and Schulz 1991; Beals and Hayes 1995; Cui and Eriksen 1996; Artinger et al. 2003; Keith-

Roach et al. 2003; Kumar et al. 2007; Jaisi et al. 2009) suggest that some Tc in contaminated 

sediments may be incorporated into mineral phases and thus remain immobile in vadose zone 

sediments. 

Prior Tc geochemistry studies have focused on saturated groundwater systems with 

natural or synthetic groundwater. Under oxidizing conditions (e.g. in the vadose or saturated 

zone with abundant oxygen or nitrate) Tc is assumed to be present as TcO4
-
 (Wildung et al. 

1979). Under reducing conditions Tc has been shown to precipitate as the sparingly soluble Tc 

hydrous oxide (TcO2·nH2O) (Cobble et al. 1953) or sulfide (Tc2S7) (Liu et al. 2007; Liu et al. 

2008). Reduction of TcO4
-
 to TcO2·nH2O typically occurs under iron or sulfate reducing 

conditions (Peretyazhko et al. 2008; Peretyazhko et al. 2008). Prior studies (Cui and Eriksen 

1996; Peretyazhko et al. 2008; Peretyazhko et al. 2008) have shown the heterogeneous reduction 
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of Tc
+7

 to Tc
+4

 via sorbed Fe
2+

, can occur rapidly in batch systems with suspended sediment. 

This observation is also supported by Cui and Eriksen (1996), who showed that Tc reduction is 

faster in the presence of iron oxides and sorbed Fe
2+

, than when only aqueous Fe
2+ 

is present. 

Fredrickson et al. (2009), showed that Tc (μM concentrations) can be reduced microbially under 

iron reducing conditions. Skomurski et al. (2010) determined the structural incorporation of Tc
+4

 

into hematite to be significantly more likely than Tc
+7

. Other studies have suggested that reduced 

iron and aluminum oxides can sorb reduced Tc. Specifically, minerals with a positive charge, 

such as magnetite (Cui and Eriksen 1996), hematite (Kumar et al. 2007), pyrite (Maes et al. 

2004; Kumar et al. 2007), and structural Fe
2+

 within clay minerals (Jaisi et al. 2009) can reduce 

TcO4
-
 and form TcO2·nH2O phases or sorb Tc

+4
. Szecsody et al. (2010) showed that under oxic 

conditions a portion of the Tc in contaminated Hanford sediments was retained in extraction 

solutions associated with iron oxide and aluminosilicate mineral phases; while other studies (Um 

et al. 2009) have shown the amount of Tc associated with mineral phases to be small.  

Once reduced, TcO2·nH2O minerals have been shown to reoxidize at various rates 

depending on the environmental conditions. Numerous studies (Keith-Roach et al. 2003; Burke 

et al. 2006; McBeth et al. 2007; Morris et al. 2008) have evaluated the reduction and reoxidation 

of Tc in sediments with active microbial communities. McBeth et al. (2007) found the 

reoxidation of TcO2·nH2O with air to be fast, with 80% of the Tc oxidizing after 2 days. 

Reoxidation of TcO2·nH2O with nitrate was slower, with most of the Tc remaining reduced after 

17 days (McBeth et al. 2007). Both Burke et al. (2006) and Keith-Roach et al. (2003) evaluated 

the stability and reoxidation of reduced Tc. Their studies showed a large variability in the readily 

extractable Tc phases between different sediment types. Keith-Roach et al. (2003) determined 

that incorporation of Tc into organic matter was the most important component in increasing the 

stability of reduced Tc. Under vadose zone conditions, the reoxidation of some TcO2·nH2O with 

O2 was found to occur within 6 days (Fredrickson et al. 2009); however, a portion of the Tc 

remained reduced for up to 33 days.  

FeS phases have also been shown to reduce aqueous Tc to a Tc2Sx or Tc2S phases under 

sulfate reducing conditions (Lukens et al. 2003; Livens et al. 2004; Liu et al. 2006; Liu et al. 

2007; Liu et al. 2008; Liu et al. 2009). The oxidation of Tc
+4

 associated with sulfide minerals has 

been shown to be slow (Livens et al. 2004; Liu et al. 2006; Liu et al. 2007), and the Tc appears 

to remain reduced after other reduced species have been oxidized (Livens et al. 2004). Istok et 

al. (2004), evaluated the stability of Tc and U, reduced under iron and sulfate reducing 
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conditions in a shallow nitrate contaminated aquifer, and found Tc to remain reduced even after 

U had reoxidized.  

In prior studies, the effects of waste stream chemistry on Tc mobility at DOE sites have 

been largely ignored. However, studies of other contaminants (U and Cr) found that interactions 

between acidic and basic waste fluids altered the speciation and mobility of the contaminant, 

thus suggesting that these factors may also influence Tc. For example, in a study of a 

hyperalkaline (~pH 14) waste stream, Qafoku et al. (2003) found the release of Fe
2+

 from 

dissolving iron bearing minerals to be responsible for Cr
6+

 reduction in Hanford sediments. 

Recently, Szecsody et al. (2013) evaluated the impact of alkaline and acidic waste streams on 

Hanford sediment and found that the waste composition significantly altered U speciation and 

mineralogy. Within U reprocessing waste streams Tc has been shown to complex with TBP 

under acidic conditions (Macasek 1975; Macasek and Kadrabova 1979). While, this is not 

expected to impact Tc speciation in the vadose zone, which has a pH ~8, increased PO4
-
 

concentrations could lead to the formation of phosphate minerals, which could generate a 

mineral rind and coat Tc. The precipitation of a rind could reduce mobility by generating a 

diffusive barrier or protecting reduced Tc from reoxidizing. Additionally, Zhao et al. (2002) and 

Duncan et al. (2012) found Tc to be retained in apatite in the presence of other reducing agents 

(Fe
2+

and Sn
2+

), however the mechanism for retention is currently unclear. No prior studies have 

considered the impact of waste stream discharges on Tc speciation in the vadose zone.  

The objective of this study was to identify geochemical mechanisms responsible for the 

observed long-term retention of Tc in the Hanford vadose zone. We hypothesized that Tc may be 

(1) co-precipitated with phosphate minerals, (2) present as TcO2 or Tc2Sx formed during initial 

waste release when pH was alkaline, and/or (3) protected from reoxidation by phosphate or other 

mineral coatings. These hypotheses were evaluated by geochemical modeling of the waste 

stream and sediment system, by sequential chemical extraction, and surface characterization of 

waste impacted sediments. 

3.3 Methods 

3.3.1 Geochemical Modeling: Geochemical modeling was conducted using the React module of 

Geochemists Workbench 7.0 (GWB) (Bethke 1992). Initially, the geochemical model contained 

1.6 kg of uncontaminated sediment in equilibrium with 1 kg of pore fluid, producing a system 

with a porosity of 0.38. The initial composition of the sediment/pore water system was based on 

analyses of sediment cores collected from uncontaminated portions of Hanford’s vadose zone 
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(Serne et al. 1993) (Table 2). The chemical composition of the discharged TBP waste was based 

on historic waste records (Rohrmann 1954; GE 1958) (Table 2). 

The model was first run to establish equilibrium conditions (Table 2); the concentrations 

of major ions were similar to those reported for uncontaminated Hanford groundwater by Serne 

et al. (1993). Initially both Fe and Mn oxide phases were included but quickly destabilized. 

Formation of mineral phases that were thermodynamically favorable but lacked the correct 

geologic genesis were suppressed, these minerals included dolomite and dawsonite, phengite 

was allowed in the initial model but suppressed during the groundwater flush. The initial system 

was then reacted with 0.1 kg of waste fluid, which were added incrementally using GWB’s 

“flush” configuration. In this configuration the added waste fluid displaced reacted porewater 

(but not minerals) from the system, minerals phases continued to participate in subsequent steps. 

Due to the absence of any reducing agents in the system, the Tc redox couple was not enabled. 

After 20 pore volumes of waste were flushed through the system, the mineral and aqueous 

composition of the system stabilized. A second reaction path was then computed by flushing the 

waste impacted sediment with clean porewater (Table 2) to simulate the geochemical evolution 

of the system after waste fluid release had ceased. The thermodynamic data base of Istok et al. 

(2004) (modified to include Tc mineral phases and redox couples) was used for all modeling.  

3.3.2 Sediment Analyses: 

Sediments: Sediments were collected from bore hole (C7047) from the Hanford 200 area BC 

Cribs and Trenches site (Benecke et al. 2012). Sediment samples were selected from 12 depths 

between 6.7 and 17.5 m. Prior to analysis, sediments were air dried and sieved into four size 

fractions, coarse sand (4.0 to 0.5 mm), medium sand (0.50 to 0.25 mm), fine sand (0.25 to 0.053 

mm), and clay (<0.053 mm) (Gilson Sieves). The expected increase in surface area with change 

in the size fraction was obtained from Foth and Turk (1975). 

Sequential Extractions: Six sequential extractions were conducted in duplicate on each 

sediment size fraction using previously described methods (Kohler et al. 2004). Briefly, 12 mL 

of extraction fluid were combined with 8 grams of sediment and shaken for the designated 

period of time. Samples were then centrifuged at 3000 rpm for 10 min, decanted, filtered (0.45 

μm filter), and analyzed. 

Natural Hanford groundwater was obtained from monitoring well 3-4-12 on the 

Hanford Site (DOE-RL 2011) and filtered (0.45 m filter). Aqueous Tc was defined as the 

portion of Tc extractable by shaking with synthetic Hanford groundwater for 1 hr. Sorbed Tc 
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was defined as the portion of Tc remaining after aqueous Tc was removed and extractable by a 

carbonate solution (0.0114 M NaHCO3, 0.0028 M Na2CO3, 1 h). Following the carbonate 

extraction, a series of four additional extractions were used to target: rind carbonates (1 mol/L 

sodium acetate, pH 5. 1 h), residual carbonates (acetic acid, pH 2.3, 5 days), iron oxides (0.1 

mol/L ammonium oxalate, 0.1 mol/L oxalic acid,1 h), and aluminosilicates (8 mol/L HNO3, 95 

ºC, 2 h). 

Extraction fluids were analyzed for Tc by ICP-MS (Elan DRC II, PerkinElmer) and 

liquid scintillation counting (Packard 2500TR); cations were analyzed by ICP-OES (Optima 

3300DV, PerkinElmer).  

Sample Mounting: Subsamples from one sediment sample with a high Tc concentration (from a 

depth of 15 m) were mounted on microscope slides for autoradiography and electron microprobe 

analyses. 0.25 g of air dried sediment were place in an aluminum tube (12.2 mm inner diameter, 

10 mm long) and filled with 1.5 mL EpoThin epoxy (Buehler Inc); the end of the aluminum tube 

was covered with Parafilm. The epoxy was degased using an applied vacuum and allowed to 

cure overnight. Sections were cut using an Isomet 1000 diamond blade thin sectioning saw with 

Isocut fluid (Buehler). The cut end was epoxied to a quartz spectroscopic grade microscope slide 

(SPI supplies) and pre-scuffed with 400 grit sandpaper. The sample was cut a second time, so 

that a 300 μm thick sample slice remained on the glass microscope slide. Samples were polished 

to ~ 50 m thickness using increasingly finer aluminum oxide sand paper (400 grit, 600 grit, 

1200 grit, Buehler Carbimet). Final polishing was conducted using TEXMET 1000 (Buehler) 

and 1 micron diamond polish (Metadi II) (15 min). Samples were cleaned lightly with methanol 

and allowed to dry.  

Autoradiography: Autoradiography was conducted using a phosphor plate (Fujifilm BAS-TR 

2025, no Mylar coating). Samples were placed in contact with the plates and stored in a shielded 

dark enclosure for 3 weeks. A Fujifilm* BAS-5000 scanner phosphor imaging system set at 16 

bit, 25 μm pixel digitization was used to read the film by using a HeNe laser as a 

photostimulation light source (Zeissler et al. 2001).  

Electron Microprobe: Samples were compositionally imaged using a JXA-8530F electron 

microprobe (JEOL USA, Peabody, MA). To increase electrical conductivity the samples were 

coated with conductive carbon using a sputter coater (Cressington 208HR; Ted Pella). For 

reliable description and location of components, the samples were imaged at relatively low 

magnification (nominally 40 X) by creating a mosaic of individual scanning electron microscopy 
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(SEM) images using backscattered-electron (BSE) detection. The BSE images were assembled, 

then the mosaic was warped to conform to the known circularity of the original image. To 

examine compositional variation, wavelength spectrometers were tuned to elements of interest 

using commercial elemental standards (Structure Probe, Inc., West Chester, PA), and elemental 

abundance maps were collected over areas of interest on the sample surface. For comparison 

with SEM images collected at low magnification, maps of major elements were collected using a 

500 msec dwell time at a beam current of 100 nA and a beam diameter of 10 µm. To aid in 

registration with the low-magnification BSE mosaic, BSE images were collected along with 

elemental abundance maps by simultaneously accumulating the BSE intensity. 

X-ray Absorption Near Edge Spectroscopy (XANES): 1 g of the 15 m depth sample was 

packed in a Teflon sample holder (2.54 cm x 2.54 cm with an 8 mm internal slot) and covered 

with Kapton tape. The Tc K-edge spectra (21040 to 21060 eV) were measured at Stanford 

Synchrotron Radiation Lightsource (SSRL, Palo Alto CA) on beamline 4-1. The beamline used a 

Si(220) monochromator for energy tuning. Spectra were collected in florescence mode using a 

13 element Ge detector for 57 scans. Results were visualized using SamView (Webb 2004).  

3.4 Results 

3.4.1 Geochemical Modeling 

 Computed reaction paths showed changes in the initial mineral composition as waste 

fluid was flushed through initially uncontaminated sediment (Figure 8). After 1 pore volume, 

calcite was dissolved and re-precipitated as magnesite. Magnesite then dissolved after an 

additional 1 pore volume of waste fluid. The dissolution of magnesite produced aqueous Mg
2+

, 

which was subsequently flushed from the system by incoming waste fluid. The mica mineral 

phase (phengite) dissolved after 4 pore volumes. After ~5 pore volumes, the mineral 

composition stabilized and phosphate (hydroxyapatite) and sulfate (mirabalite) minerals began to 

accumulate (Figure 8). An additional simulation was conducted without Ca
2+

 in the waste stream 

(data not shown) to determine the sensitivity of mineral formation to Ca
2+ 

concentration; the rate 

of phosphate mineral (hydroxyapatite) formation was slower with lower Ca
2+

 concentrations. In 

either case, phosphate minerals remained a small but potentially important constituent in the 

system 

   Redox conditions remained oxidizing throughout the entire simulation (data not shown), 

therefore the Tc redox couple was not enabled and Tc remained present as TcO4
-
 through the 
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entire simulation (data not shown). The pH was initially 7.7, then decreased to 6.7 and stabilized 

after 5 pore volumes (Figure 8). 

    The waste impacted system was then flushed with an uncontaminated pore water (same 

composition as initial porewater in Table 2) to examine the chemical evolution of the system 

after waste disposal had ceased (Figure 9). The addition of porewater prompted the immediate 

dissolution of the sulfate mineral (mirabalite). All other mineral phases were retained and 

remained otherwise unchanged. At 100 pore volumes, the aqueous species approached 

stabilization (Figure 9).  

3.4.2 Chemical Extractions  

The quantity and mineral association of Tc in contaminated vadose zone sediments 

varied significantly with depth (Figure 10). At shallow depths (6.9 to 8.4 m), over 50% of the Tc 

was associated with iron oxides and aluminosilicates. At 14 m below ground surface, ~90% of 

the Tc was in the aqueous phase. At 15 m below ground surface, over 50% of the retained Tc 

was associated with iron oxides and aluminosilicates. As a whole, the results showed that a 

~25% of the Tc was associated with iron oxides and aluminosilicates. In all samples, a minimal 

portion of the Tc was sorbed or associated with rind or residual carbonates.  

There was an increase in extractable Tc in the smaller size fraction sediments (Table 3). 

The increase in extractable Tc between the medium and fine sand fractions (Figure 11) is nearly 

proportional to the increase in their estimated surface areas. For the 15 m depth sample, the 

medium sand sample had 0.8 pmol Tc/cm
2
 and fine sand sample had 0.4 pmol Tc/cm

2
. 

 Cation analysis on the aluminosilicates extraction fluid for the fine sand size fraction 

showed that samples with the highest Tc concentrations also had the highest concentrations of 

phosphorous, calcium, and iron (Table 5). For example, the two samples with the highest amount 

of aluminosilicate associated Tc (7.7 and 15 m depth, Table 5, green boxes) had iron 

concentrations 10 mM higher than the sediments which retained less Tc.  

3.4.3 Autoradiography and Microprobe Analysis 

 Autoradiography conducted on the medium sand size fraction of a sample from a depth 

of 15 m showed small regions with increased radioactivity indicating high Tc concentrations 

(Figure 12). The region with increased activity was shown to be associated with finer grained 

particles that had high concentrations of Fe and Mg (Figure 13). Oxidation states were not 

determined via this method. The elemental P map did not show regions of co-located P and 

radioactivity.  
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 3.4.4 X-ray Absorption Near Edge Spectroscopy (XANES) 

XANES analysis was attempted for determination of Tc oxidation state, however Tc 

concentrations were not high enough to resolve the Tc or oxidation in a bulk sample (Figure 14). 

3.5 Discussion and Conclusions 

This study was motivated by the need to understand Tc transport and retention in deep 

vadose zone environments. Prior transport modeling studies assumed that all Tc in the vadose 

zone at Hanford was present as TcO4
-
 (Ward et al. 2004; Hunt and Skinner 2010). Results 

presented here show that Tc associated with iron oxides and aluminosilicate phases may be a 

significant component (~ 25%) of the subsurface Tc. Additionally, extractions were conducted 

on sediments stored aerobically for 2 years prior to analysis; as such, this analysis provides an 

estimate for Tc retention under oxidizing conditions.  

Geochemical modeling indicated that precipitation of hydroxyapatite and mirabalite was 

likely in sediments contaminated by the waste stream. After an uncontaminated pore water flush 

(10 pore volumes), mirabalite completely dissolved while hydroxyapatite remained stable.  

Sequential extractions showed that difficult to extract Tc phases were present and 

associated with iron oxides and aluminosilicates. Concentrations of phosphate and iron were also 

elevated in the aluminosilicate extraction fluid (8 M Nitric Acid) for samples that had higher 

concentrations of mineral associated Tc.  

These results indicate that Tc is likely sorbed to iron minerals or present as TcO2 which 

is associated with iron. The precipitation of phosphate mineral phases shown in modeling and 

the high P concentrations in extraction fluids indicate that Tc species may be associated with 

phosphate mineral phases. Electron microprobe results determined P to be a minor component in 

the sample from a depth of 15 m. In the sample analyzed, the high activity Tc regions 

determined by autoradiography overlap with high concentrations of Fe and Mg rather than P. 

While these results appear to provide conflicting information, it is necessary to consider that the 

extraction fluids represent a bulk sample whereas microprobe samples only captured a small 

portion of the surface area. It is possible that relevant phosphate mineral phases were not 

captured in the microprobe sample. It should also be noted that the conclusions regarding 

mineral associations drawn from the sequential extractions are limited and based on the 

operational definition of the extraction solutions; however, results do show the Tc to be 

associated with iron oxides and aluminosilicates, which is consistent with prior research.  
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X-ray adsorption near edge spectroscopy (XANES) were unable to yield conclusive 

results due to the low Tc concentrations (Figure 14). Additional analysis of Tc oxidation state on 

mineral surfaces should be explored as X-ray techniques develop higher sensitivity (current 

detection limit is 100 ppm). However, even with inconclusive bulk phase analysis of the Tc 

oxidation state prior literature suggests that the Tc is likely retained in a reduced phase. 

Additional analysis of Fe and Mg mineral phases may assist in elucidating retention 

mechanisms. 

Even though the direct measurement of the Tc oxidation state was not feasible; the 

occurrence of reduced Tc within the vadose zone is not implausible. Most earlier studies have 

concluded that recalcitrant Tc mineral phases would be limited to reduced microenvironments, 

which would quickly reoxidize if in contact with oxidants (Fredrickson et al. 2009; Icenhower et 

al. 2010). Other studies have shown reduced Tc phases to be slow to reoxidize in natural systems 

(Keith-Roach et al. 2003; Istok et al. 2004; Burke et al. 2005; Burke et al. 2006; McBeth et al. 

2007; Fredrickson et al. 2009).  

When extraction results are evaluated in context of vadose zone stratigraphy, it is clear 

that both geochemical and physical mechanisms are important in Tc retention at Hanford. High 

concentrations of aqueous Tc observed at a depth of 14 m correspond to a low conductivity zone 

and textual interface (Figure 15), supporting prior studies (Hunt and Skinner 2010) which 

showed physical processes may be responsible for limited Tc migration. Increased 

concentrations of Tc associated with iron oxides and aluminosilicates occur at a depth of 15 m, 

at a location with low porosity and low conductivity caliche deposits suggesting that Tc may be 

retained via geochemical mechanisms.  

  On a broader scope, this study alters the conceptual model for Tc retention. While the 

results presented here are limited to one borehole, they show that Tc can be retained in vadose 

zone sediments for decades. This study proposed three potential mechanisms for the formation of 

recalcitrant Tc, currently the underlying mechanism remains unclear; however experimental 

evidence indicates that both Fe and P phases may be important in the retention of Tc. 

In conclusion, this study provides new understating of the TBP waste stream behavior in 

unsaturated Hanford sediments. The precipitation of phosphate bearing mineral phases was 

shown to occur during waste infiltration, via geochemical modeling. The impact of phosphate 

mineral precipitation on Tc mobility remains undetermined; however sequential extractions have 
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shown Tc phases associated with iron oxide and aluminosilicate extraction fluids, which were 

shown to occur in regions with high Fe concentrations.  
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Figure 8: Computed reaction paths showing expected changes in mineralogy (top) and aqueous 

chemistry (bottom), (pH is shown in blue) as waste fluid is flushed through Hanford sediment 
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Figure 9: Computed reaction paths showing changes in mineralogy (top) and aqueous chemistry 

(bottom), (pH is shown in blue) as uncontaminated pore water is flushed through contaminated 

Hanford sediment 
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Figure 10: Results of sequential chemical extraction of contaminated sediment samples from 

vadose zone borehole C7047 at the Hanford site 
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Figure 11: Effect of sediment size fraction on Tc sequential extractions at a (left) 14 meter depth 

and (right) 15 meter depth 
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Figure 12: (left) Scanning Electron Microscopy (SEM) and (right) Autoradiography images for 

15 m depth sample, black shows regions of high Tc concentrations. White boxes show the 

portion of the sample analyzed in more detail under the electron microprobe. Region of high 

activity associated with fine grained materials.  
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Figure 13: Backscattering scanning electron microcopy and electron probe generated elemental 

maps of Si, Fe, and P in the region of highest Tc concentration in Figure 12, yellow circles 

correspond to the region of high activity located in the fine grained material. 
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Figure 14: Averaged spectra for 15 m sample depth  
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Figure 15: Vertical distribution of extractable Tc and lithology (adapted from Um et al. (2009)) 
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Table 2: Initial conditions for geochemical modeling. 

 

Initial Mineral 
Composition 

Weight 
Percent 

Initial Pore Water 
Composition  

TPB Waste Stream 
Composition 

Feldspar 52.94 pH 8 
 

pH 10 
 

Quartz 37.46 Na+ 1.09 mM Na+ 3.69 M 

Smectite (Na, Mg, Ca) 6.61 Nitrate 0.11 mM Nitrate 3 M 

Mica 2.95 Sulfate 0.31 mM Sulfate 0.25 M 

Calcite 0.04 K+ 0.10 mM K+ 0.02 M 

Hydroxyapatite 0.001 HCO3
- 2.69 mM HCO3

- 0.05 M 

  

Ca2+ 0.45 mM Ca2+ 0.01 M 

  

Cl- 0.05 mM HPO4
- 0.14 M 

  

Mg2+ 0.16 mM NH4+ 0.1 M 

  
   

TcO4
- 0.006 mM 
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Table 3: Expected surface area of sediment (Foth and Turk 1975) 

 

Size Fraction 
Diameter 

mm 
Surface Area 

cm2/g 

Coarse/Very Coarse Sand 0.5-4.0 17 

Medium Sand 0.5-0.25 45 

Fine/Very Fine Sand 0.25-0.053 159 

Silt <0.053 454 
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Table 4: Mineral phases targeted by extraction fluids 

 

Extraction 
Number 

Extraction Solution 
Targeted Mineral 

Phases 

1 Groundwater Aqueous 

2 
11.4 mM NaHCO3/ 

2.8  mM Na2CO3 
Sorbed 

3 1M Sodium Acetate Rind Carbonates 

4  1M Acetic Acid Residual Carbonates 

5 
0.1M Ammonium Oxalate/ 

0.1 M Oxalic Acid 
Iron Oxides 

6  8M Nitric Acid Aluminosilicates 
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Table 5: Tc and cation concentrations in 8 M nitric acid extraction fluid 

 

Sample 
Depth (m) 

Tc 
pMol 

Al 
mM 

Ca 
mM 

Fe 
mM 

Mg 
mM 

Mn 
mM 

P 
mM 

S 
mM 

K 
mM 

7.7 5.33 46 269 58 33 2.0 14.8 0.9 3.9 

12.4 2.51 39 225 35 20 1.7 10.4 0.7 2.8 

14 3.11 47 271 36 29 1.4 12.2 0.9 4.6 

15 7.59 57 261 45 30 1.3 12.5 0.9 4.1 

16.3 3.4 37 207 30 23 0.9 6.1 0.6 4.8 
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CHAPTER 4: 

 

 

 

Effect of Sulfide and nano Zero-Valent Iron on Pertechnetate Reduction and Reoxidation during 

Saturated Flow in Hanford Sediments  
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4.1 Abstract 

Large quantities of Tc were produced at U.S. Department of Energy (DOE) sites during 

the reprocessing of nuclear waste and released to the environment during waste disposal and 

storage. Prior studies have shown reduced Tc, in the form of TcO2·nH2O to rapidly reoxidize, 

where Tc2Sx phases can remain reduced for significantly longer periods of time. In this study the 

coordinated application of nano-Zero Valent Iron (nZVI) and Sulfide (HS
-
) were tested for use in 

reductive immobilization of Tc as a Tc sulfide (Tc2Sx) phase. Experimental results showed that 

the presence of sediment in columns and batch experiments increased the Tc reduction rate. 

Batch and column experiments conducted with lower sediment-to-solution ratios sediment, 

retained a lower mass of Tc. The column experiments conducted under conditions conducive to 

Mackinawite (FeS) formation had lower reduction rates than experiments conducive to the co-

precipitation of FeS and Tc2Sx. Columns conducted with a concentration of 10 and 30 mM HS
-
 

had larger Tc removal than columns with a 2 mM HS
-
 concentration. This result was attributed 

to a stoichiometric imbalance of the reactants. Reoxidation of columns containing Tc, showed 

that experiments conducted with higher HS
-
 (10 and 30 mM HS

-
) concentrations were more 

effective at retaining the Tc than columns conducted with lower HS
-
 concentrations.  

4.2 Introduction 

Large quantities of Tc were produced at U.S. Department of Energy (DOE) sites during 

the reprocessing nuclear waste (
235

U) and released to the environment during waste disposal and 

storage (Wildung et al. 1979). Tc is a contaminant of concern at several Department of Energy 

facilities including the Hanford, Oak Ridge, Paducah, Portsmouth, and Savannah River Sites 

(DOE 2009) because of its long half-life (2.13 x 10
5
 years) and toxicity. 

In an oxic environment, Tc
+7

 is stable as pertechnetate (TcO4
-
) over a wide pH range. 

Under reducing conditions Tc
+4

 can precipitate as either Tc hydrous oxide (TcO2·nH2O) (Cobble 

et al. 1953) or Tc sulfide minerals (Tc2Sx or Tc2S) (Lukens et al. 2003; Livens et al. 2004; Liu et 

al. 2007; Liu et al. 2008; Liu et al. 2009). While TcO2 is readily oxidized, Tc2Sx minerals oxidize 

more slowly (Lukens et al., 2003) and therefore may exhibit long-term retention in reduced 

sediments or engineered remediation systems.  

A potential approach to reductive immobilization of Tc, is the precipitation of Tc2Sx 

under sulfidic conditions. The addition of sulfide (HS
-
) can directly reduce Tc

+7
 to Tc2Sx: 

2TcO4
-
 + 7 HS

-
 + H2O  Tc2S7 + 9OH

-                                              
(4.1)
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or lead to the formation of FeS (mackinawite): 

                                                Fe
2+

 + HS
-
  FeS(s) + H

+
                                            (4.2)                           

which can reduce redox sensitive metals such as Tc, by a ligand exchange mechanism (Wolthers 

et al. 2005; Wolthers et al. 2005; Fan et al. In Review):  

2TcO4
-
 + 7FeS + nH2O  Tc2S7 + 7Fe

3+
+ nOH

-      
(4.3)

           
                

The formation of FeS in the presence of aqueous Fe
2+

 and HS
-
, is rapid (i.e., within hours in most 

laboratory studies) (Rickard and Luther 2007). Recently, Liu et al. (2007) reported the reduction 

capacity of FeS in batch systems, to be 0.46 mol TcO4
-
/mol FeS. Fan et al. (2013) found the 

reduction rate of TcO4
- 
to increase in the presence of FeS. Liu et al. (Liu et al. 2007; Liu et al. 

2008) and Fan et al. (In Review) found that, in the presence of FeS, Tc was precipitated as Tc2S7. 

However, Lukens et al. (2003) used Tc K-edge extended X-ray absorption fine structure 

(EXAFS) analysis to identify the reduced Tc2Sx phase as Tc3S2(S2)4 (or Tc3S10). Prior studies 

have shown that Tc2Sx minerals oxidize slower than TcO2·nH2O minerals. For example, Livens 

et al. (2004) observed Tc2Sx oxidation to be five times slower than TcO2·nH2O oxidation.  

Numerous prior studies have focused on the geochemistry of Tc2Sx in aqueous solutions 

(Kunze et al. 1996; Livens et al. 2004; Liu et al. 2007; Liu et al. 2009; Fan et al. In Review), 

however few have evaluated the role of sediment on the reduction and reoxidation of Tc and 

TcSx phases. Additionally, all prior studies (Kunze et al. 1996; Livens et al. 2004; Liu et al. 

2007; Liu et al. 2009; Fan et al. In Review) have been conducted in batch systems and have not 

evaluated the impact of sediment packing and advective transport on the formation and 

reoxidation of Tc2Sx minerals.  

The addition of nano zero-valent iron (nZVI) and HS
-
 could increase the Tc reduction 

capacity of a sediment/groundwater system and reduce the rate of reoxidation by removing 

potential oxidants (e.g,. oxygen, nitrate, and sulfate). Moreover, nZVI could also potentially 

stimulate the growth and activity of iron- or sulfate-reducing bacteria that could contribute to Tc 

reduction or oxidant removal. For example, prior studies have also shown the generation of H2 

from zero valent iron (ZVI) stimulated microbial sulfate reduction (Fernandez-Sanchez et al. 

2004) and nitrate reduction (Shin and Cha 2008) in sediment. 

When added to water nZVI hydrolyzes, producing Fe
2+

: 

                           2 Fe
0
  +  O2  +  2 H2O  ->  2 Fe

2+
  +  4 OH

–
               (4.4)   

                                  Fe
0
  +  2 H2O  ->  Fe

2+
  +  H2 +  2 OH

– 
                                   (4.5)                   
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The Fe
2+

 is expected to sorb to iron oxide surfaces forming Fe
2+

/Fe
3+

 reaction sites, to precipitate 

as Fe(OH)3, and/or to be removed from the system with groundwater flow. Due to increased 

reactive surface area on mineral surfaces and to kinetic limitations of aqueous reactions, it is 

expected that in sediment systems Fe
2+

/Fe
3+

 reaction sites on iron oxides (Fe(OH)3)will dominate 

Tc reduction in the absence of HS: 

   TcO4
–
 + 3Fe(OH)2(s) + 6H2O <-> TcO2•4H2O(s) + 3Fe(OH)3(s) + OH

-
   (4.6) 

     Study of Tc immobilization in systems with packed sediment and advective flow is 

critical for evaluating the potential effectiveness of nZVI and/or HS
-
 in reducing Tc at the field 

scale. It is likely that the presence of sediment will increase Tc reduction rates by retaining 

sorbed Fe
2+

 and the number of Fe
2+

/Fe
3+

 reaction sites. However, reactive surface area is smaller 

in packed sediment systems and advection may transport TcO4
-
 and HS

-
 away (or towards) 

reaction sites, thus decreasing Tc reduction rates. In addition, the stability of Tc2Sx formed by 

these processes will likely depend on the sequence that reactive species are introduced into the 

system. For example, if TcO4
-
 is introduced prior to HS

-
, then the Tc is likely to be reduced by 

aqueous and/or sorbed Fe
2+

. If Tc is introduced after the HS
-
, then Tc will likely be reduced by 

FeS. If HS
-
 and TcO4

- 
are introduced together, in a system with excess Fe

2+
, Tc will be 

sequestered via co-precipitation of both Tc2Sx and FeS species. 

      For this study, four hypotheses regarding the impact of nZVI and HS
-
 on Tc reduction 

and reoxidation were evaluated. First, since the coupled Fe
2+

/Fe
3+

 reaction sites on mineral 

surfaces have been shown to increase the reduction rate of Tc, it is hypothesized that a higher 

sediment-to-solution ratio will increase the rate of Tc reduction by nZVI. Second, it is 

hypothesized that near simultaneous introduction of nZVI and HS
-
 will result in the formation of 

FeS and increase the Tc reduction rate and retention of Fe
2+

. Third, it is anticipated that HS
-
 

concentrations may need to be in excess of the Fe
2+

, based on the reaction stoichiometry; 

therefore, higher concentrations of HS
-
 may increase Tc reduction rates. Finally, since prior 

studies have shown Tc2Sx phases to be more resistant to reoxidation than TcO2·nH2O (Liu et al. 

2009); we hypothesize the formation of Tc2Sx mineral phases will result in smaller Tc
4+

 

oxidation rates. 

4.3 Methods 

4.3.1 Materials: A medium-to-fine grained mafic sand (Environmental Restoration Disposal 

Facility (ERDF) Pit, 6 m deep) characteristic of the Hanford formation, Eastern Washington, was 

used for all experiments. The sediment was previously characterized and found to have a mineral 
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composition of quartz (32%), plagioclase (25%), K feldspar (13%) muscovite (9%), biotite (8%), 

illite (2.8%), and montmorillonite and other clays (1.2%) (Serne et al. 2008). The surface area of 

this sediment (Size fraction - 94.8% sand) was 31 m
2
/g (Szecsody et al. 2004).  

Reagent grade chemicals, including sodium sulfide (Na2S·9H2O, Sigma-Aldrich), and 4-

(2-hydroxyethyl)-1-piperazinethanesulfonic acid (HEPES, J.T. Baker) were used for all 

experiments. An ammonium pertechnetate stock solution (0.24 M) was used as the Tc source. 

nZVI particles were synthesized using a modified version of the borohydride reduction 

method (Wang and Zhang 1997), where 2.43 g of FeCl3·6H2O were first dissolved in 500 mL of 

a deionized (DI) deoxygenated water (70 vol %)/methanol (30 vol %) mixture (Fan et al. In 

Review). 1.2 g of NaBH4 were dissolved in 40 mL DI water and continuously added to the FeCl3 

solution via a syringe pump (KD Scientific) at a flow rate of 2 mL/min as the solution was 

vigorously mixed by a homogenizer (Kinematica). After introducing NaBH4, the solution was 

allowed to sit ~ 15 minutes until H2 generation ceased. All steps above were carried out under an 

inert gas stream (N2 or Ar) to avoid oxygen contact. The solution was then transferred to an 

anaerobic chamber (95% N2/5% H2, Coy Scientific). Solid nZVI particles were recovered by 

flash drying, as previously described (Nurmi et al. 2005). After synthesis nZVI was stored in 10 

mL glass vials, capped with a 1 cm rubber septum, and used with one month.   

4.3.2 Batch Experiments: The nZVI concentration was 0.1 mg/mL in all experiments (Table 6). 

Two sets of batch experiments were conducted to evaluate the impact of sediment-to-solution 

ratio and HS
-
 concentration on Tc reduction rate (Table 6). The first set of experiments was 

conducted with the sediment-to-solution ratio ranging from 0 to 1.0 g sediment/mL and initial 

concentrations of 10 mM HS
-
 and 30 mM HEPES. In the second set, the sediment-to-solution 

ratio was 1.0 g sediment/mL and the HS
-
 concentration was varied from 0 to 30 mM. 

Experiments were prepared in an anaerobic chamber (Coy Scientific). For each test, the 

specified amount of sediment and 9.8 mL of HS
-
 solution were added to 10 mL glass vials, while 

the vials were bubbled with helium. 20 mg nZVI were slurried with 4 mL of degassed DI and 

sonicated according to Fan (In Review). 200 μL of the nZVI slurry containing 1.0 mg were 

pipetted to a glass vial and capped with a 1 cm rubber stopper. The experiments were shaken for 

5 min, and then set for twelve hours to allow the nZVI to hydrolyze and the Fe
2+

 to sorb to the 

sediment. A predetermined amount of TcO4
-
 was added to each vial using a degassed syringe. 

Aqueous samples were collected over 24 hours using a degassed syringe, and filtered with a 0.45 

μm syringe filters.   
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Tc reduction rates were determined by fitting a first order kinetic equation to measured 

Tc concentrations.  

4.3.3 Column Experiments: Three sets of column experiments were conducted to evaluate the 

impact of natural sediment, sulfide pretreatment, and sulfide concentration on Tc reduction rates 

(Table 6). Columns were constructed of PEEK tubing (10 cm long x 0.765 cm diameter, ~1.6 

cm
3
 pore volume). All columns were packed in an aerobic chamber (Coy Scientific). 8 g of 

sediment were degassed with helium, weighted and slurried with 8 mL of degassed DI water. In 

some experiments, the amount of natural sediment was varied by substituting 0.5 mm glass 

beads (Spheriglass, Potters Industries LLC) for sediment by mass. 20 mg of nZVI were mixed 

with 4 mL of degassed DI and sonicated for 5 min as previously described. 0.170 mg nZVI (in 

34 μL suspension) were pipetted into 8.97 g of sediment and immediately mixed using a vortex 

mixer for 60 seconds. The sediment slurry was then centrifuged for 10 minutes at 3000 rpm. The 

sediment/nZVI mixture was returned to the anaerobic chamber, excess fluid was decanted and 

the sediment was remixed to ensure uniform nZVI distribution.  

Columns were packed using an adapted slurry method (Dingenen 1998) and allowed to 

set for 12 hours before flow was introduced. For experiments pretreated with HS
-
, 3.0 mL (~ 2 

pore volumes) of the HS
-
 solution were injected into the column immediately after packing. HS

-
 

solutions were prepared and stored in zero headspace sampling bags to minimize volatilization 

of the HS
-
. Flow was delivered to the columns using a HPLC pump (Hitachi, L-6200) at a pore 

water velocity of 150 cm hr
-1

. Influent and effluent samples were analyzed for pH and Tc. 

Columns were maintained anaerobic for 3 months to allow for crystallization of 

precipitates, which may initially be partially amorphous. Reoxidation experiments were 

conducted by injecting oxygen saturated DI water for 100 pore volumes at a pore water velocity 

of 43.5 cm/hr. Effluent samples were collected with an autosampler (Isco Foxy 200) over the 

duration of the experiment.  

Tc reduction rates, k were determined by fitting: 

                                                                
   

 

  

 
      (4.7) 

to the measured Tc concentrations, where C was the effluent TcO4
-
 concentration, Co was the 

influent concentration, and τ was the residence time within the column.  

An identical series of column experiments were conducted to evaluate the transport of 

HS
-
 and Fe

2+
 in the absence of Tc.   
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4.3.4 Sequential Extractions: Sequential liquid extractions were conducted on sediments from 

the column experiments to evaluate changes in Tc mineral association after reduction (Table 7). 

6 grams of reduced sediment were placed in contact with 7.5 mL of the particular extraction 

solution in a centrifuge tube and shaken for the specified time. Samples were then centrifuged at 

3000 rpm for 10 min, the extraction fluid was decanted, filtered through a 0.45 μm filter, and 

retained for analysis. Aqueous Tc was defined as the portion of Tc extractable by shaking with 

synthetic Hanford groundwater (Szecsody et al. 2010) for 1 hr. Sorbed Tc was defined as the 

portion of Tc extractable by a carbonate solution (0.0114 M NaHCO3, 0.0028 M Na2CO3, 1 h) 

after aqueous Tc was removed. Following the carbonate extraction, a series of four additional 

extractions were used to target: rind carbonates (1 M sodium acetate, pH 5. 1 h), residual 

carbonates (1 M acetic acid, pH 2.3, 5 days), iron oxides (0.1 M ammonium oxalate, 0.1 M 

oxalic acid,1 h), and aluminosilicates (8 M HNO3, 95 ºC, 2 h).  

 On column experiments conducted without Tc, extraction 2 (Table 7) was performed to 

determine sorbed Fe
2+

 retained in the soil. 

4.3.5 Analysis: Tc concentrations were analyzed using liquid scintillation counting with a 0.1 to 

500 KeV energy window for 30 minutes and an 11-point quench standard set; Opti-flur (Perkin 

Elmer) was used for low ionic strength solutions and Hionic-Fluor (Perkin Elmer) was used for 

high ionic strength solutions.  

HS
-
 concentrations were measured using the methylene blue method, (Hach Method 

8131). HS
- 

effluent samples were measured immediately after collection to minimize HS
-
 

volatilization. Fe
2+ 

concentrations were measured using the ferrozine method (Stookey 1970). 

Results 

4.4 Results 

 Batch experiments were conducted to evaluate the effects of varying sediment-to-

solution ratio and HS
-
 concentration on Tc reduction rates. The batch experiment conducted with 

no sediment had the slowest Tc reduction rate (4.5 h
-1

). Reduction rates increased with 

increasing sediment-to-solution ratio (Table 6); an increase in sediment-solution ratio from 0 to 

0.1 mg/mL increased the Tc reduction rate to 31.5 hr
-1

. At a sediment-to-solution ratio of 1 

mg/mL the Tc reduction rate increased to 50.8 hr
-1

. Tc reduction was rapid in batch experiments 

with sediment, with nearly all Tc reduced after 1 hr (Figure 16). 

In batch experiments conducted with a sediment-to-solution ratio of 1 g/mL, there was 

only a slight difference between the Tc reduction rate at HS
-
 concentrations of 0 and 10 mM HS

-
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(Table 6). In both experiments, nearly all the Tc was reduced within 0.02 hours (Figure 16), with 

k ~50 hr
-1

 (Table 6). The experiment conducted with 30 mM HS
-
 had a smaller Tc reduction rate 

(0.57 hr
-1

). After 24 hrs, nearly all the Tc was removed from solution in all experiments. 

  The effect of sediment-to-solution ratios on Tc reduction rates in column experiments 

were evaluated by replacing a portion of the natural sediment with glass beads (Table 6 and 8). 

The glass beads were used to vary the reactive surface area analogous to the variation of the 

sediment-solution ratio in batch experiments. After 9.8 pore volumes, the column with 100% 

sediment retained more Tc than the two columns with glass beads (Table 6 and 8). The mass of 

Tc retained per gram sediment was similar for the 100% sediment and the 50% sediment/50% 

glass bead columns (Table 8); however, the mass of Tc retained per gram sediment was higher in 

the 10% sediment/90% glass bead column. The Tc reduction rates (Table 6) were smaller for the 

column with 10% sediment/ 90% glass beads than for the column with 50% sediment/ 50% glass 

beads.  

 HS
-
 pretreatment was used in some column experiments to evaluate how the prior 

formation of FeS minerals would effect the Tc
 
reduction rates. The amount of Tc retained in 

column with no HS
-
 pretreatment was the highest (0.028 μmol), followed by 10 mM HS

-
 

pretreatment (0.018 μmol), and 0 mM HS
-
 pretreatment (0.010 μmol) (Figure 17). Additional 

columns conducted with pretreatment and concentrations of 2 and 30 mM HS
- 
had smaller 

reduction rates than experiments conducted at the same HS
-
 concentrations without pretreatment 

(Table 6). As a whole, columns with HS
- 
pretreatment had smaller Tc

 
reduction rates than 

columns conducted without pretreatment.   

 Parallel experiments conducted without Tc were used to evaluate the effect of HS
-
 

pretreatment on Fe
2+

 adsorption. It was hypothesized that formation of FeS minerals, generated 

by pretreatment would increase the retention of Fe
2+

. The column pretreated with 10 mM HS
-
 

retained nearly all the introduced Fe
2+

 after 10 pore volumes (Figure 18). The experiment 

without pretreatment retained only 60% of the added Fe
2+

. The 50% sediment/50% glass bead 

column, which was not pretreated, had <5% of the initial Fe
2+

 retained in the untreated column 

after 9.8 pore volumes. Additionally, Fe
2+

 extractions measurements showed that five times more 

sorbed Fe
2+

 was retained in the column with pretreatment than in the column without 

pretreatment (Table 9).  

B

) 
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The column pretreated with 2 mM HS
-
 retained less Tc than the column pretreated with 

30 mM HS
-
. The column pretreated with 10 mM HS

-
 retained the most Tc. The reduction rate in 

the column pretreated with 30 mM HS
-
, was the largest at 3.07 hr

-1
 (Table 6). 

  Experiments were also conducted in columns with no pretreatment to evaluate the 

impact of HS
-
 concentration on Tc reduction rate (Figure 19). In columns that were not 

pretreated, effluent samples contained black particles and were visibly cloudy. Filtered and 

unfiltered samples were analyzed to determine the potential effect of particulate formation on 

measured Tc concentrations. The column conducted with 10 mM HS
- 
had 64% of the influent Tc 

precipitated in the Tc particulate phase and 20% retained in the sediments (Figure 20). For the 

purpose of these experiments the Tc particulate phase was not treated as aqueous or retained, 

because it was highly mobile.   

Column experiments conducted with HS
-
 pretreatment (2, 10, and 30 mM HS

-
) did not 

retain enough Tc to accurately measure reoxidation rates, therefore reoxidation experiments were 

performed only in columns conducted without HS
-
 pretreatment. To account for differences in 

the amount of retained Tc in between experiments, effluent Tc concentrations were normalized 

by the amount of Tc retained in the column. In all columns, the initial Tc peak in the effluent 

was attributed to the Tc remaining in the pore water at the conclusion of the prior reduction 

experiment (Figure 21). A secondary peak occurred after 1 μMol O2 was introduced into the 

column, which is attributed to Tc reoxidation. The 10 mM HS
-
 had a low but stable 

concentration of Tc removed through the duration of the reoxidation experiment. The experiment 

conducted with 2 mM HS
-
 had the largest percent of Tc reoxidized (Figure 21). The column 

conducted with 30 mM HS
-
 had the smallest pecent of Tc reoxidized.   

 Reoxidized sediments from the columns had > 50% of the Tc retained in phases which 

required low pH extraction fluids to remove the Tc associated with the sediment (Figure 22). 

Columns conducted with 10 and 30 mM HS
-
 had > 90% of the retained Tc associated in 

carbonate, iron oxide and aluminosilicate mineral phases. In columns conducted with 10 and 30 

mM HS
-
, only 50% of the reduced Tc was recovered in the oxidation and extractions. In the 2 

mM HS
-
 column a full mass balance was achieved on the Tc.    

Overall, the column experiment conducted with 2 mM HS
- 
retained the least Tc and the 

Tc reoxidized the fastest. Both the 10 and 30 mM HS
-
 columns retained similar amounts of Tc 

which reoxidized more slowly. Upon conclusion of the oxidation experiment, >50% of recovered 

Tc was associated with carbonate, iron oxide and aluminosilicate extraction fluids.  
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4.5 Discussion 

In this study, the effects of nZVI and HS
-
 on Tc reduction and reoxidation were 

evaluated in batch and column experiments. In batch experiments, Tc reduction rates increased 

as the sediment–to-solution ratio increased. Column experiments conducted with glass beads 

substituted for a portion of the sediment had more rapid Tc reduction, suggesting that mineral 

(but not glass) surfaces provided reaction sites for Tc reduction. This hypothesis is supported by 

others (Cui and Eriksen 1996; Cui and Eriksen 1996; Peretyazhko et al. 2008; Peretyazhko et al. 

2008; Fredrickson et al. 2009), who have also shown the reduction of Tc by Fe
2+ 

to be faster in 

sediment systems than in aqueous solutions. These results are consistent with the hypothesis that 

sediment (likely iron oxides) is important in increasing the reduction rate of Tc. 

This study hypothesized that the introduction of FeS would increase the Tc reduction 

rate and the retention of Fe
2+

 within the column experiments. Pretreatment of columns with HS
-
 

was designed to generate FeS, which has been shown to reduce Tc (Liu et al. 2006; Liu et al. 

2007; Liu et al. 2008; Liu et al. 2009; Fan et al. In Review). Preliminary geochemical modeling 

of batch systems (Geochemist’s Workbench 7.0), indicated that at a pH of 8, the introduction of 

10 mM HS
-
 with 2 mM nZVI, should facilitate the formation of FeS (data now shown). The 

modeling results are consistent with results in Fan et al. (In Review) who used Mossbauer 

spectroscopy to show that FeS formed in batch systems with 10 mM HS
-
 and 2 mM Fe

2+
.  

The formation of FeS in pretreated columns is consistent with the retention of Fe
2+

 

(Figure 18), which showed that 95% of the Fe
2+

 was retained in the column. This was much 

higher than the 60% of Fe
2+

 that was retained in the 10 mM HS
-
 column with no pretreatment 

(Figure 18). Sequential extractions also directly confirmed the mass of sorbed Fe
2+

 and 

determined the column with HS
-
 pretreatment to have five times the amount of sorbed Fe

2+
 as the 

column without pretreatment (Table 9). These findings are congruent with the hypothesis that the 

introduction of HS
-
 and nZVI prior to TcO4

-
 will form, FeS and reduce the amount of 

Fe
2+

advected from the system.  

Columns pretreated with HS
-
 prior to the introduction of Tc retained less Tc and had 

smaller Tc reduction rates than columns conducted without pretreatment. This finding was 

contrary to our hypothesis that the presence of FeS would increase the Tc reduction rate. The 

difference in Tc retention is likely due to a slower Tc reduction rate by FeS. Tc reduction via 

sorbed Fe
2+

 and aqueous HS
-
 may be faster than the ligand exchange mechanism thought to be 

responsible for Tc reduction by FeS (Wolthers et al. 2005; Wolthers et al. 2005). Additionally, it 
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is possible that the formation of FeS on nZVI surfaces slowed the dissolution of Fe
2+

 from nZVI, 

which under other conditions would have dissolved rapidly and been utilized for Tc reduction. 

Overall, it appears that the co-precipitation of Tc2S7 with FeS is faster than Tc reduction by FeS. 

The impact of HS
-
 concentration on Tc reduction was evaluated in column and batch 

experiments. Batch experiments with sediment conducted with 10 mM HS
-
 had a larger Tc 

reduction rate than experiments conducted with higher HS
-
 concentration. While this result was 

not anticipated, it appears that an increase in HS
-
 concentration may increase the formation of a 

mobile Tc2Sx particulate phase that reduces the amount of reduced Tc retained in the sediment. 

This result is consistent with Fan et al. (In Review), who also observed a decrease in Tc 

reduction rate at higher HS
-
 concentrations and also observed the formation of Tc2Sx particulates. 

Experiments showed that the column conducted with no pretreatment and 10 mM HS
-
 

was the most effective at reducing Tc, however the column with 30 mM HS
-
 resulted in a larger 

Tc reduction rate. At 10 and 30 mM, the HS
-
 was in excess of all other reactants in the system. 

For 2 mM HS
-
, the concentration of Fe

2+
 was stoichiometrically balanced for FeS generation, but 

did not leave enough excess HS
-
 in the system for the formation of Tc2Sx. Decreased HS

-
 

concentration may have produced a system where some of the TcO4
-
 was reduced to TcO2•nH2O. 

The formation of Tc containing particles was observed in column experiments 

conducted without HS
-
 pretreatment, when HS

-
 was present in stoichiometric excess. 

Experiments conducted with higher HS
-
concentrations retained more Tc in the particulate phase 

than in the sediment. In the 10 mM HS
-
 column 64% of the influent Tc was retained in the 

column and particulate phases (Figure 20). Saiki et al. (2003), observed the formation of 

particulates in systems with HS
-
 and TcO4

-
 and identified the particulatesas Tc2S7 colloids. For 

the purpose of this experiment, the portion of particulate Tc in the column effluent was not 

computed in the retained Tc mass; however, in systems with smaller pore water velocities, and 

finer material, the Tc particulates might be less mobile than TcO4
-
, depending on surface charge 

and reactivity with mineral surfaces. 

Column experiments conducted with 2 mM HS
-
 had the most Tc mobilized during 

reoxidation, which is consistent with the formation of TcO2•nH2O and Tc2Sx. Differences 

between the reoxidation of the 10 mM and 30 mM HS
-
 columns were small, but overall the Tc 

retained in the 30 mM HS
-
 column was more stable. This is consistent with the hypothesis that 

Tc oxidation is slower in Tc2Sx phases.  
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Sequential extractions determined that >50% of the Tc retained in the sediments after 

oxidation was difficult to extract, and associated with carbonates, iron oxides and 

aluminosilicates. In the 10 and 30 mM HS
-
 columns, nearly all of the Tc (>90%) was retained in 

the carbonate, iron oxide and aluminosilicate extraction fluids. While these extractions do target 

these specific phases, it is important to consider that conclusions regarding specific mineral 

associations drawn from the sequential extractions are limited and based on the operational 

definition of the phases removed by the extraction solutions. Additionally, none of these 

solutions directly targeted Tc2Sx phases, which may account for the incomplete mass balance in 

the 10 and 30 mM HS
-
 columns. In the 2 mM HS

-
 column all on the retained Tc was accounted 

for by mass balances.  

Consistent differences between the reaction rates in column and batch systems were 

observed. Tc reduction rates in the columns were five times smaller than in corresponding batch 

experiments when normalized by nZVI concentration (Table 7). Differences in reaction rates are 

likely due to differences in surface areas and to the removal of diffusion limitations in a mixed 

batch system. For the Tc reduction to proceed all reactive species must be present at the same 

location and same time, often this is more difficult to achieve in advective systems. Additionally, 

we must also consider the retention of the Fe
2+

 species. These experiments clearly show that 

advective processes are an important consideration for experimental design.   

The findings of this study are relevant for evaluating the potential of reductive 

immobilization of TcO4
-
. This study indicates that Tc2Sx phase appears to be more resistant to 

reoxidation than TcO2•nH2O. It was also determined that mineral surfaces (in addition to Fe
2+

) 

are important in the reduction of Tc. Additionally, it appears that the order in which reactants are 

introduced may be an important factor when designing potential nZVI and HS
-
 delivery 

approaches.   

For the implementation of this remediation method additional research is needed to 

determine how the application of nZVI and HS
-
 could be implemented in the field. In this study 

we did not address the delivery of nZVI to Tc contaminated sediments. Current research 

indicates nZVI can be delivered to contaminated zones with a surfactant slurry (Kanel and Choi 

2007), however the introduction of a surfactant would complicate subsurface geochemistry. An 

additional consideration is the fate of the Tc particulate phase, which is likely Tc2S7. Since 

colloidal transport remains a topic of concern for long term contamination sources, it will be 

important to understand the transport properties of the particulate phase (Honeyman 1999). For 
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the case of Tc, the presence of colloids will likely produce a decrease in mass movement. In 

unsaturated systems it been shown that colloidal transport is slowed by the presence of air-water 

interfaces and high ionic strength pore waters (Bradford and Torkzaban 2008; Gao et al. 2008), 

nonetheless, it is an important consideration prior to field scale implementation. Finally, for the 

purpose of this study we assumed that all reduction would be abiotic, however biotic activity 

surrounding nZVI barriers has been shown to also generate sulfidic conditions (Fernandez-

Sanchez et al. 2004), which could alter the geochemistry 

4.6 Conclusions 

This study evaluated the use of nZVI and HS
-
 for the remediation of TcO4

-
.  

Experimental results showed that the presence of sediment in columns and batch experiments 

was important in the removal of TcO4
-
 from pore water. Batch and column experiments 

conducted with less sediment, retained a lower mass of Tc. 

It was also determined that while the introduction of nZVI and HS
-
 through pretreatment 

did likely result in the formation of FeS phases, the TcO4
-
 reduction rates in these experiments 

were slower. Less in Tc was retained in columns conducted under conditions which supported 

the formation of FeS mineral phases. Experiments conducted under conditions conducive to the 

co-precipitation of FeS and Tc2Sx (no pretreatment) retained larger amounts of Tc.  

Unpretreated columns run with a concentration of 10 and 30 mM HS
-
 had larger Tc 

removal than columns with a 2 mM HS
-
 concentration. This result was attributed to a 

stoichiometric imbalance of the reactants.  

Reoxidation of columns containing Tc, showed that experiments conducted with higher 

HS
-
 concentrations were more effective at retaining the Tc than columns conducted with lower 

HS
-
 concentrations.  

On a broader scope, it appears that remediation of Tc by nZVI under sulfidic conditions 

could be promising for longer term stabilization of Tc. The potential to stabilize Tc in a phase 

resistant to reoxidation would be applicable to numerous sites contaminated with Tc. However, 

additional research is needed to evaluate larger scale delivery of nZVI and HS
-
 solutions to Tc 

contaminated soils and groundwater.  
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Figure 16: (left) Effect of sediment-to-solution ratio on Tc
 
reduction, (right) effect of HS

-
 on Tc 

reduction by nZVI in batch experiments 
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Figure 17: Effect of HS
-
 pretreatment on Tc retention in column experiments 
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Figure 18:  Effect of HS
-
 pretreatment on Fe

2+
 retention in column experiments 
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Figure 19: Effect of HS
-
 concentration on Tc retention columns that were not pretreated with HS

-
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Figure 20: Tc Retention in sediment, particulate, and aqueous phases during the 10 mM HS
-
 

experiment 
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Figure 21: Effect of HS
-
 on reoxidation of previously reduced Tc 
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Figure 22: Effect of HS
-
 concentration on Tc sequential extraction after reoxidation 
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Table 6: Summary of Experimental Parameters and Results 

   
 

  
Experimental 

Objective  

System 
Type 

  
Matrix 

HS- 
Pretreat

ment 
(mM) 

Sed. 
(mg/mL) 

TcO4
-  

(M) 
HS- 

(mM) 
HEPES 
(mM) 

nZVI 
(mg/
mL) 

nZVI 
(mg/g 
sedim
ent) 

Tc 
Reduction 

Rate/ 
mass 
nZVI   

(1/hr•mg) 

Evaluate the 
effect of 

sediment on 
Tc reduction 

rate 

Batch -- 10 0 6.01 10 30 0.1 -- 4.5 

Batch sediment 10 0.1 6.08 10 30 0.1 -- 31.5 

Batch sediment 10 1.0 6.05 10 30 0.1 -- 50.8 

Evaluate the 
effect of HS- 
concentration 
on effects Tc 
reduction rate 

Batch sediment 0 1 6.24 0 0 0.1 -- 48.6 

Batch sediment  0 1 6.05 10 30 0.1 -- 50.8 

Batch sediment 0 1 5.50 30 90 0.1 -- 0.57 

Evaluate effect 
of natural 

sediment on 
Tc reduction 

rate 

1D 
column 

50% 
sediment/ 
50% glass 

beads 

0 2.6 1.37 10 30 -- 0.01 14.6 

1D 
column 

10% 
sediment/ 
90% glass 

beads 

0 0.52 1.30 10 30 -- 0.02 3.5 

Evaluate  
effect of HS- 

concentration 
on Tc 

reduction rate 

1D 
column 

sediment 0 5.2 1.73 0 0 -- 0.02 13.8 

1D 
column 

sediment 0 5.2 0.45 2 6 -- 0.02 8.1 

1D 
column 

sediment  0 5.2 1.91 10 30 -- 0.02 8.9 

1D 
column 

sediment 0 5.2 0.76 30 90 -- 0.02 16.4 

Evaluate the 
effect of HS- 
pretreatment 

on Tc 
reduction rate  

1D 
column 

sediment 2 5.2 1.75 2 6 -- 0.02 2.1 

1D 
column 

sediment  10 5.2 1.26 10 30 -- 0.02 2.8 

1D 
column 

sediment 30 5.2 1.21 30 90 -- 0.02 5.8 
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Table 7: Tc phases targeted by extraction fluids 

 

Extraction 
Number 

Extraction Solution Targeted Tc Phase 

1 Groundwater Aqueous 

2 
11.4 mM NaHCO3/ 

2.8  mM Na2CO3 
Sorbed 

3 1M Sodium Acetate Rind Carbonates 

4  1M Acetic Acid Residual Carbonates 

5 

0.1M Ammonium 
Oxalate/ 

0.1 M Oxalic Acid 

Iron Oxides 

6  8M Nitric Acid Aluminosilicates 
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Table 8: Effect of sediment/glass bead ratio on Tc retention  

 

Material 
uMol Tc 
Retained 

uMol Tc 
Retained/  

g nZVI 

uMol Tc 
Retained/g 
Sediment 

100% Sediment 0.027 0.16 0.0034 

50% Sediment, 
50% Glass Beads 

0.011 0.13 0.0017 

10% Sediment, 
90% Glass Beads 

0.017 0.1 0.0192 
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Table 9: Absorbed Fe
2+

 in column experiments conducted without Tc 

 

Material 
Pretreatment 

with HS-
 

HS- (mM) 
HEPES 
(mM) 

Percent of Total Fe2+ 

Mass 

Sorbed to Sediment 
Surface  

Sediment No 10 30 4% 

Sediment Yes 10 30 20% 

50% Sediment, 
50% Glass 

Beads 

No 10 30 3% 
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CHAPTER 5: CONCLUSIONS 

This dissertation investigated several potential mechanisms for the physical and 

chemical retention Tc in the vadose zone at the Hanford site.  

 Column experiments in unsaturated Hanford sediments evaluated the potential impact 

of anion exclusion, the formation of immobile pore domains, and saturation dependent 

dispersivity on the transport of Tc. Results showed that Tc transport was not impacted by anion 

exclusion or by diffusion limited mass transfer to immobile pore domains for a range of particle 

sizes and water contents. In all columns the Tc transported at pore water velocity and was 

relatively well fit using the advection-dispersion equation. Dispersivity was found to increase 

with decreasing water content. The highest dispersivity was observed in the columns with the 

largest fraction of large grained sediments.  

Geochemical modeling indicated that precipitation of hydroxyapatite and mirabalite 

was likely in sediments contaminated with a TBP waste stream. Contaminated sediments 

contained porewater with high (M) concentrations of sodium and nitrate, and lower 

concentrations (mM) of phosphate, sulfate, ammonia, potassium, Tc and U. After an 

uncontaminated pore water flush (10 pore volumes), mirabalite completely dissolved, while 

hydroxyapatite remained stable. Sequential extractions showed that ~ 25 % of the total Tc was 

associated with iron oxides and aluminosilicates. Concentrations of phosphate and iron were 

also elevated in the aluminosilicate extraction fluid supporting the role of iron oxides in Tc 

retention and suggesting that phosphate minerals, such as hydroxyapatite, may also contribute to 

Tc retention. While XANES analysis were inconclusive as to the Tc oxidation state, prior 

literature suggests that the Tc present in iron oxide and aluminosilicate phases is likely present 

as TcO2 . Additional analysis of Fe and Mg mineral phases may assist in elucidating retention 

mechanisms.  

Reductive immobilization of Tc by introducing nZVI and HS
-
 was evaluated for use as 

a remediation method in batch and column experiments. The presence of sediment (or reactive 

surface area) in columns and batch experiments was important in the mass removal of TcO4
-
. It 

was also shown that, while the introduction of nZVI and HS
-
 through pretreatment did likely 

result in the formation of FeS phases (known to reduce TcO4
-
), the Tc reduction rates in these 

experiments were smaller than experiments conducted under conditions conducive to co-

precipitation of FeS and Tc2Sx. Reoxidation of columns containing reduced Tc showed that 

experiments conducted with higher HS
-
 concentrations were more resistant to Tc reoxidation 

than columns where the Tc was reduced using smaller HS
-
 concentrations.  
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  The results of this study provided new information regarding Tc retention that alters the 

conceptual framework for assumptions regarding Tc migration and modeling of the Hanford 

site. Additional laboratory studies of anaerobic boreholes are needed to examine Tc speciation 

at other locations within the Hanford site. Also, larger scale transport models should be 

reevaluated based on the increased Tc retention in the vadose zone. Further study of the 

retention of Tc in Tc2Sx minerals is also of interest, based on the potential for longer term 

immobilization.  
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