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EXECUTIVE SUMMARY 

 

A dynamic leaching method was evaluated as a means of determining the mass transfer 

rates of contaminants present in monolithic materials, such as grout-based cementitious waste 

forms (CWF) used in the disposal of low-activity salt waste. The effectiveness of such disposal 

methods in retaining mobile radionuclides such as technetium-99 (
99

Tc) depends on initially 

reducing pertechnetate (TcO4
-
) to the less mobile Tc(IV) redox state through the addition of 

reductants such as blast furnace slag (BFS). However, Tc(IV) may be subject to reoxidation, and 

efficacy of Tc retention depends on both the permeability and the residual reductive capacity of 

the CWF.  

 

The ability of CWF to retain contaminants is generally evaluated using diffusion 

controlled leaching methods such as EPA Method 1315, Mass Transfer Rates of Constituents in 

Monolithic or Compacted Granular Materials Using a Semi-Dynamic Tank Leaching Procedure, 

which provides limited information concerning the mechanisms other than diffusion in 

controlling contaminant partitioning and release. In addition, laboratory batch extraction methods 

such as EPA Method 1311, Toxicity Characteristic Leaching Procedure (TCLP), are often used 

to evaluate the leaching of contaminants based on size-reduced materials that fail to consider the 

monolithic nature of CWF. Therefore, a dynamic leaching method that retains the physical 

structure of the CWF provides the potential to differentiate between rate-limited and transport-

limited (i.e., diffusion) reactions controlling both the inherent reduction capacity of the grout and 

the redox state of Tc.         

 

The current leaching method was based on ASTM D5084 for determining the saturated 

hydraulic conductivity of such materials using a flexible-wall permeameter. The permeameter 

system was used to develop the required hydraulic gradient. Sections of 2-in. diameter, cured 

saltstone monoliths spiked with iodide (I
-
) and perrhenate (ReO4

-
) were used to evaluate the 

leaching method. Initial hydraulic conditions were estimated using Darcy’s law with an assumed 

saturated hydraulic conductivity for the saltstone of ≈ 5 x 10
-9

 cm s
-1

, and a target leaching rate 

of ≈ 5 mL d
-1

. Based on these criteria, the initial confining pressure and hydraulic head were set 

at 25 and 20 psi, respectively.   

 

In general the initial hydraulic conductivity of the saltstone materials was somewhat 

lower than expected and decreased over time with continued leaching, yielding lower effluent 

volumes for chemical analysis and increasing the time required for pore-water turnover. At least 

a portion of the reduction in hydraulic conductivity may be attributed to the formation of gas 

bubbles, presumably the result of degassing associated with the drop in pressure along the 

column. Furthermore, the caustic nature of the effluent and the formation of gas bubbles also 

confounded the use of flow-through electrodes for continuously monitoring effluent chemistry, 
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i.e., pH and dissolved O2. Far less degassing was observed in subsequent column experiments 

conducted at lower hydraulic gradients (10 psi), but with a proportional reduction in column 

leaching rate. 

 

Although perrhenate and pertechnetate differ in terms of their sensitivity to chemical 

reduction, Re is a suitable non-radiological Tc analogue for developing test methods that will 

eventually be used in studying contaminant release in 
99

Tc-spiked saltstone. In fact, a 

comparison of the current results with subsequent tests using 
99

Tc will provide a clear test of the 

degree to which the two elements differ in chemical behavior.  Chemical analysis of the effluent 

leachates focused on Re rather than I because of the limited sample volumes and difficulty in 

stabilizing I for analysis by inductively coupled plasma-mass spectrometry (ICP-MS).  Initially 

high levels of Re (250-800 µg L
-1

) were observed in the monolith leachates, which decreased to a 

rather stable level with continued leaching. After stabilizing, the relative level of Re found in the 

effluent was dependent on the leaching flow rate, a factor that is inversely related to the leaching 

solutions residence time within the saltstone monolith. Therefore, longer pore solution residence 

times yield higher effluent Re concentrations.  

 

Based on the test results, the proposed method can be modified to address the logistical 

obstacles for testing 
99

Tc-spiked saltstone, such as the low flow rates that limited effluent sample 

yield at reasonable hydraulic gradients. Increasing the saltstone column diameter makes it 

possible to maintain a higher leaching rate and provide sufficient effluent for more extensive 

chemical analyses at a lower inlet pressure gradient. This will also reduce sample degassing 

issues that confound the use of flow-through pH and dissolved oxygen (O2) electrodes and 

possibly reduce potential clogging with extended leaching. Furthermore, the use of a bladder 

accumulator (Trautwein GeoTAC, Inc) as the inlet solution reservoir can limit exposure to the 

pressurized gas used to generate the hydraulic gradient in a permeameter system. When 

measuring saturated hydraulic conductivity, bladder accumulators are used to restrict contact 

between the “test” solution saturating the column and the solution in the permeameter, especially 

when the test solution is in some way hazardous or could potentially damage the permeameter 

panel.       
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1.0  INTRODUCTION 

 

The objective of the current project was to evaluate the feasibility of a dynamic leaching test 

utilizing a flexible-wall permeameter apparatus for studying the persistence of reductive capacity 

and long-term contaminant leaching behavior of monolithic cementitious waste forms, such as 

saltstone. Elevated pressures were used to force leachate through the interior of saltstone 

monoliths in an effort to mimic the eventual ingress of water into saltstone and subsequent pore 

volume exchange and to evaluate the influence of dissolved gasses, including O2, on saltstone 

reductive capacity and its impact on the dynamic leaching behavior of radioactive and non-

radioactive contaminants. For initial testing, a batch of saltstone spiked with iodide (I
-
) and 

perrhenate (ReO4
-
) was produced utilizing Savannah River Remediation LLC (SRR) prescribed 

grout formulations. The saltstone was poured into standard 2-in. diameter plastic curing molds 

and subjected to varying curing durations under controlled temperature and humidity conditions 

chosen to mimic curing conditions within the Saltstone Disposal Unit (SDU) environment.  

 

Rhenium (Re) lies in the same column above technetium (Tc) in the periodic table and 

displays similar chemical properties that suggest its potential as a non-radiological analogue for 

evaluating the environmental fate of 
99

Tc (Brookins, 1986). Thus, Re has been widely used as a 

non-radiological surrogate for Tc in numerous studies evaluating nuclear waste [e.g., Kabai et 

al., 2013; McCloy et al., 2012; Pierce et al., 2014], with similar responses observed in plant 

uptake experiments (Tagami and Uchida, 2004) and sorption studies using common soil 

materials (Vinsova et al., 2004). Although the two oxidized species [i.e., Re(VII) and Tc(VII)] 

may display similar sorption properties under oxidizing conditions (Icenhower et al., 2010), 

batch studies have shown ReO4
-
 to be more resistant to chemical reduction by Sn(II) than 

pertechnetate (TcO4
-
). In addition, Tc(VII) reduction was observed to occur during nitrate 

reduction in soil microcosm experiments while no Re(VII) reduction occurred, with the applied 

ReO4
-
 remaining in solution with minimal sorption (Maset et al., 2006). Lukens et al. (2007) also 

demonstrated the greater difficulty in reducing Re(VII) than Tc(VII) in glass melts.  These 

results suggest that Re(VII) may not be a suitable analogue for evaluating Tc(VII) behavior 

under reducing conditions. However, the current study focuses largely on the development of test 

methods for evaluating subsequent saltstone monoliths that will be spiked with 
99

Tc rather than 

drawing direct conclusions about 
99

Tc behavior in saltstone. In this respect, Re is a quite suitable 

non-radiological test species. 

 

Passive leaching tests are generally applied to evaluate contaminant release from 

monolithic materials.  For example, EPA Method 1315, Mass Transfer Rates of Constituents in 

Monolithic or Compacted Granular Materials Using a Semi-Dynamic Tank Leaching Procedure, 

provides an indication of contaminant diffusion and release for a given sample mass over time 

across a known exposed monolith surface area.  However, this method provides limited 
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information concerning the mechanism of contaminant sorption and the persistence of reductive 

capacity within the saltstone materials. In contrast, leaching methods that rely on the use of size-

reduced materials, such as the Toxicity Characteristic Leaching Procedure (EPA Method 1311; 

1992), may provide limited utility when predicting the behavior of intact monoliths. A dynamic 

leaching test in which the introduction of important reactive constituents can be manipulated and 

controlled, such as dissolved O2, is one possible means of addressing the inherent limitations 

associated with other common test methods. Furthermore, leaching studies provide the ability to 

continuously monitor key effluent parameters (i.e., DO, pH, etc.) as a further indication of 

important reactive processes occurring within the intact material.   

 

 

 

2.0 MATERIALS AND METHODS 

 

2.1 Saltstone Formulation 

 
Cured 2-in. diameter saltstone monolith sections spiked with Re were produced according to the 

methods described in detail by Seaman et al. (2014), Chemical and Physical Properties of Saltstone as 

Impacted by Curing Duration (SREL Doc. No. R-14-0006). Briefly, a 6 kg batch of saltstone was spiked 

with non-radioactive contaminant analogs (i.e., Re and 
127

I) using a saltwaste simulant recipe specified by 

SRR (Table 1) and then subjected to a temperature/humidity curing profile that mimicked conditions in 

the Saltstone Disposal Unit (SDU). The grout materials consisted of (1) Class F fly ash (The SEFA 

Group, Inc. Lexington, SC 29073), (2) Grade 100/120 blast furnace slag (Holcim US, Inc. Birmingham, 

AL 35221), and (3) Type II Portland cement (Holcim US, Inc. Birmingham, AL 35221). 

 

All of the chemicals in Table 1, except for the NaOH solution, were combined with ≈ 0.5 L of 

deionized water (DIW) in seven 1-L volumetric polycarbonate flasks. The NaOH was then added as a 

50% solution. The contaminant spike solution was added to six of the saltwaste flask just before making 

to final volume (1.2 x 10
-2

 mMol L
-1

 
99

Tc; ≈ 2.23 mg L
-1

 Re; ≈ 0.1 mg L
-1

 
127

I). Spike concentrations are 

consistent with the average levels found in Tank 50 saltwaste (Bannochie, 2012).  The following day, the 

required mass of the three powdered grout materials required to make 6 kg of saltstone was weighed in 

three separate containers, i.e., 2700 g of Class F fly ash, 2700 g of Grade 100/120 BFS, and 600 g of Type 

II Portland cement. The three dry powdered materials were then mixed together in a single bucket. After 

thorough homogenization of the combined dry powders, the saltwaste simulant solution was slowly added 

to the dry materials while mixing at 250 rpm for 20 minutes.  

 

The saltwaste solution was added at a water to dry materials ratio of 0.6 (i.e., 3.6 kg of water 

added to 6 kg of dry materials).  With an estimated mass of 0.68 g H2O/g solution, 5.265 kg of saltwaste 

simulant was added to 6 kg of dry feed materials to create the spiked saltstone. After mixing, the slurry 

was poured into thirty-two 2-in ID x 4-in. plastic concrete molds and sealed with a plastic lid for curing 

(Test Mark Industries, Inc.). The Re/I spiked samples were labeled S001 through S032. The plastic 
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concrete molds were then placed in a humidity-controlled curing oven (Model 6105, Caron Products & 

Services, Inc.) and heated according to the curing profile from SDU Cell 2B (Figure 1). Select monoliths 

were removed after 30 and 90 days of curing for testing by dynamic leaching methods. Saltstone cores 

were initially cut into ≈ 2.54 cm long sections for testing using a tile saw (Figure 2), and stored in a moist 

state in sealed plastic bags under a reducing atmosphere (2% H2) until testing. 

 

Table 1. Composition of ARP/MCU saltwaste simulant. 

Material Molarity 

(moles/L) 

Mass for 1L 

(g/L)  

Sodium Hydroxide,  

50 wt% NaOH 

1.594 127.52 

Sodium Nitrate, NaNO3 3.159 268.52 

Sodium Nitrite, NaNO2 0.368 25.39 

Sodium Carbonate, 

Na2CO3 

0.176 18.66 

Sodium Sulfate, Na2SO4 0.059 8.38 

Aluminum Nitrate, 

Al(NO3)3.9H2O 

0.054 20.25 

Sodium Phosphate, 

Na3PO4.12H2O 

0.012 4.56 
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Figure 1.  Curing profile for Saltstone Disposal Unit (SDU) Cell 2B (10.5 ft height). 
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Figure 2.  Saltstone monolith being sectioned using a tile saw (top). Sectioned saltstone monolith 

still in plastic mold (bottom left). Sectioned saltstone monolith with outer mold removed, ready for 

dynamic leaching (bottom right). 
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2.1 Saltstone Dynamic Leaching 

 

Inlet and confining pressures for dynamic leaching were restricted to the range deemed 

appropriate for measuring the saturated hydraulic conductivity of cementitious materials using 

the flexible-wall permeameter method, ASTM D5084, with leaching rates controlled to ensure 

adequate pore-water residence times. Leaching duration of any test can be adjusted based on the 

effluent chemistry trends (i.e., pH, contaminant release, etc.) and changes in the materials 

saturated hydraulic conductivity.  

 

Darcy’s Law was used to establish the initial leaching conditions: 

 

   
 

 
 
   

 
        [1] 

 

where q is the flux density (i.e., volume flowing through a specific cross-sectional area), Q (cm
3
 

sec
-1

) is the discharge volume per unit time (i.e., V/t) and A is the cross sectional area (cm
2
), K 

(cm sec
-1

) is the hydraulic conductivity,  ∆H is the hydraulic head difference between the column 

inlet and outlet (i.e., ∆H= Hi – Ho; cm), and L is the length of the column (cm) (Hillel, 1980). 

Initial leaching rates were based on a cross-sectional area of 20.27 cm
2
, a core length of ≈ 2.54 

cm and an assumed saturated hydraulic conductivity of 5 x 10
-9

 cm sec
-1

. Thus, to achieve a 

leaching rate of approximately 5 mL per day (i.e., 5.79 x 10
-5

 cm
3
 sec

-1
): 

 

   
 

 
 
               

         
                 

   

 
     [2] 

 

The equation is then solved for ∆H, the required hydraulic gradient in cm. 

 

   
  

 
 
                

 
 
                       

            
           [3] 

 

The hydraulic gradient is then converted to psi.  

    
      

              
              [3] 

 

Changes in the relative saturated hydraulic conductivity during the course of leaching were also 

estimated using Darcy’s equation based on the hydrostatic pressure at the column inlet and 

effluent flow rate.        

 

Prior to testing, the monoliths sections were soaked overnight in the degassed AGW 

solution (Table 2) to facilitate initial saturation. The samples were then mounted in a flexible-

wall permeameter test cell with a confining pressure of 25 psi (Tri Flex 2 Permeability Test 
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System (ELE International, Inc. Loveland, CO 80539) and initially leached in an upward flow at 

10 psi using laboratory air until steady effluent flow was observed. The hydraulic gradient was 

then set at the test level (i.e., either 10 or 20 psi) for the duration of leaching.  

 

 Initially, flow through pH and dissolved O2 electrodes were used to measure effluent 

chemistry and samples were collected for subsequent Re analysis. The effluent samples were 

stabilized by addition of HNO3 (2%) prior to analysis by ICP-MS according to standard 

protocols outlined in EPA Method 6020A (USEPA, 2007). The flow-through electrodes proved 

unreliable because of the relatively slow flow rates and the presence of degass bubbles in the 

effluent. Thus, the pH of discrete effluent samples was determined prior to acidification for 

preservation. This same technique did not work well for DO measurements.   

 

 In select columns, tritiated water (
3
H2O) was used as a hydrologic tracer. One mL sample 

of the effluent samples was mixed with 10 mL of scintillation cocktail and counted for 20 

minutes to quantify tritium concentration (Minaxi Tri-Carb 4000, Packard Instru. Co.).  

Breakthrough estimates were based on relative counts per minute for known dilutions of the inlet 

tracer solution.  A detection limit of ~ 0.2% of the inlet tritium tracer concentration was typically 

achieved using this technique.   

 

Table 2.  Composition of the artificial groundwater (AGW) simulant. 

Constituent/Parameter AGW
a
 

pH 5.0 

 (mg L
-1

) 

Na 1.39 

K 0.21 

Ca 1.00 

Mg 0.66 

Cl 5.51 

SO4 0.73 
a
Artificial Groundwater: non-impacted groundwater derived from natural infiltration (Strom and 

Kaback, 1992) 

 

3.0 RESULTS 

 

Five different leaching tests were conducted, with results from three extended column 

tests presented in detail. Results from the first column test are provided in Figure 3. The column 

was leached with AGW at a constant inlet pressure of ≈ 20 psi for over 20 days. Using the 

standard permeameter setup, the leaching solution remains in contact with the source gas used to 

pressurize the system, in this case the lab atmosphere, i.e., ≈ 21% O2. .The initial concentration 

of Re in the effluent was approximately 210 µg L
-1

 and increased to 240 µg L
-1

 before leveling 
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off around 100 to 150 µg L
-1

 for the remaining leaching duration.  The pH started at about 11.5 

and decreased somewhat over the course of leaching as well. The initial hydraulic conductivity 

was consistent with the assumed value (≈ 5 x 10
-9

 cm s
-1

) used in estimating leachate flux, but 

generally decreased with increasing leaching duration. At the same time the conductivity was 

decreasing, air bubbles were observed forming in the outlet tubing, presumably due to leachate 

degassing associated with the change in pressure across the column. The presence of bubbles in 

the effluent and the relatively low flow rate (0.1-0.2 mL hr
-1

) tended to confound the use of flow-

through electrodes for monitoring pH and dissolved O2. The formation of bubbles within the 

grout and additional mechanisms such as the formation of secondary precipitates within the 

saltstone matrix and the suspension and transport of colloidal materials that clog pore 

constrictions are potentially responsible for changes in conductivity over the course of leaching. 

In fact, the first few effluent samples from each of the leaching tests were clearly turbid, but the 

effluent soon became clear with continued leaching. Select turbid effluents were passed through 

0.2 µm pore-size polycarbonate filters to capture suspended solids for eventual characterization 

by electron-based analytical methods (Seaman et al., 2003). 

   

Continuous leaching through the column depicted in Figure 3 was temporarily suspended 

after approximately 500 hours to determine if the hydraulic conductivity could be restored 

through leaching a freshly degassed solution. All of the leaching solution in the permeameter 

was replaced with freshly degassed AGW, including all of the leaching solution within all of the 

tubing on the inlet side of the saltstone monolith, and then leaching was resumed. The entire 

transition lasted for approximately 30 minutes. 

 

Once leaching was resumed, the effluent Re concentration remained stable at ≈130 µg L
-1

 

(Fig. 4A).  In addition, tritiated water (
3
H2O) was added to the AGW leachate as a conservative 

hydrologic tracer for evaluating the physical process associated with leaching.  Effluent tritium 

concentrations are presented as the relative fraction (C/Co) of the inlet concentration, i.e., Co. 

Despite the extended leaching duration, full tritium breakthrough (i.e., C/Co ≈ 1.0) was not 

observed over the course of leaching (Fig. 4B). This combined with the somewhat early initial 

arrival suggests that the saltstone material consists of a complex pore structure subject to solute 

diffusion with a significant pore fraction that may not be readily conductive. However, the 

hydraulic conductivity was initially even higher than the initial testing in Figure 3, possibly due 

to the dissolution of entrained gases, but then began to decrease as leaching continued.      

 

While using degassed solutions is appropriate for evaluating the inherent saturated 

hydraulic conductivity of the cementitious materials, it does not provide information concerning 

the potential oxidation of Re (i.e., a surrogate for 
99

Tc) by dissolved O2 in the pore solution. 

However, the high initial pressures used to control leaching may also disrupt the equilibrium of 

dissolved gas levels. The solution outgassing discussed above is indicative of this.  
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For the last column experiment (Fig. 5), continuous flow was monitored for over 30 days. 

During the course of leaching, the inlet pressure was restricted to 10 psi to reduce solution 

degasing, yielding proportionally lower flow rates. As expected, the effluent Re levels were 

somewhat higher than previous experiments due to the longer pore-water residence times at the 

slower flow rate, providing greater time for contaminant release. The effluent Re levels remained 

above 100 g L
-1

 even after 30 days of leaching (Fig. 5A).  The effluent pH (≈ 10) was also a bit 

lower than observed in previous leaching tests. While some decrease in the hydraulic 

conductivity was observed, the conductivity remained essentially constant at ≈ 1 x 10
-9

 cm s
-1

 for 

the last 10 days of leaching. Even so, no out gassing was been observed in the effluent tubing.  

 

4.0 DISCUSSION 

 

A series of laboratory tests were conducted to evaluate the feasibility of using a 

continuous dynamic leaching technique to evaluate contaminant release and the residual 

reductive capacity of saltstone monoliths. Such a method offers some advantages over current 

methods for characterizing monolithic materials, such as EPA Method 1315, that provide limited 

information concerning the actual reactions controlling contaminant release within CWF. 

Maintaining the monolithic structure of the cementitious material is another advantage compared 

to laboratory batch contaminant extraction tests that often use size-reduced materials. Initial 

testing utilized 2-in diameter monoliths that required substantial hydraulic gradients (≈ 20 psi) 

for consistent flow, during which the materials saturated hydraulic conductivity tended to 

decrease over time. In addition, significant degassing was observed in effluent. Such degassing 

was not observed at lower inlet pressures, i.e., ≈ 10 psi. Utilizing larger monolith diameters, i.e., 

3- to 4-in, is one means of maintaining continuous flow at more-realistic inlet pressure gradients.   

 

For FY15, additional tests have been planned to address experimental obstacles identified 

in the current study. A new batch of saltstone simulant is being created that will be spiked with 
99

Tc to address concerns that Re may not be a good chemical surrogate for predicting Tc 

behavior in saltstone. In addition, larger diameter saltstone monoliths (3-in diameter) will be 

tested to see if sufficient flow can be maintained at more realistic hydraulic gradients, and 

leaching tests will include a control treatment using a bladder accumulator to exclude dissolved 

gases from the inlet solution to determine if degasing was responsible for monolith clogging, and 

for comparison with other treatments to evaluate the impact of dissolved O2 on the mobilization 

of Tc.    
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Figure 3. Effluent rhenium (A), pH (B), and hydraulic conductivity (C) of 2-in. diameter saltstone 

core leached continuously with AGW at an inlet pressure of 20 psi. 
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Figure 4. Effluent rhenium (A), tritium (B), and hydraulic conductivity (C)  of 2-in. diameter 

saltstone core leached continuously with AGW at an inlet pressure of 20 psi. 
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Figure 5. Effluent rhenium (A), pH (B), and hydraulic conductivity (C) of 2-in. diameter saltstone 

core leached continuously with AGW at an inlet pressure of 10 psi. 
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