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11 Abstract 

	
  
12 Multiphase ceramic waste forms have been studied extensively as a potential host matrix for nuclear waste. 
13 Understanding the speciation, partitioning, and release behavior of radionuclides immobilized in multiphase ceramic 
14 waste form is critical when developing the scientific and technical basis for nuclear waste management. In this 
15 study, we evaluated a sodalite-bearing multiphase ceramic waste form (i.e., fluidized-bed steam reform sodium 
16 aluminosilicate [FBSR NAS]) as a potential host matrix for long-lived radionuclides, such as technetium (99Tc). The 
17 FBSR NAS material consists primarily of nepheline (ideally NaAlSiO4), anion-bearing sodalites (ideally 
18 M8[Al6Si6O24]X2, where M refers to is alkali and alkaline earth cations and X refers to monovalent anions), and 
19 nosean (ideally Na8[AlSiO4]6SO4). Bulk x-ray absorption fine structure analysis of the multiphase ceramic waste 
20 form, suggest rhenium (Re) is in the Re(VII) oxidation state and has partitioned to a Re-bearing sodalite phase (most 
21 likely a perrhenate sodalite Na8[Al6Si6O24](ReO4)2). In this study Re was added as a chemical surrogate for 99Tc
22 during the waste form synthesis process. The weathering behavior of the multiphase ceramic waste form was 
23 evaluated under hydraulically unsaturated conditions with deionized water at 90°C. The steady-state Al, Na, and Si 
24 concentrations suggests the weathering mechanisms are consistent with what has been observed for other 
25 aluminosilicate minerals and include ion exchange, network hydrolysis, and formation of enriched-silica surface 
26 layer or phase. Ion exchange is evident by the average Na normalized release being 2.3 times greater than Al. Matrix 
27 dissolution is evident by the XRD depth dependent alteration phase profile and the steady-state Al concentration 
28 being consistent with nepheline solubility. Silica-rich surface layer or phase formation is evident by the steady-state 
29 Si concentrations being consistent with the solubility of amorphous SiO2 or chalcedony. The steady-state S and Re 
30 concentrations are within an order of magnitude of the nosean and perrhenate sodalite solubility, respectively. The 
31 order of magnitude difference between the observed and predicted concentration for Re and S may be associated 
32 with the fact that the anion-bearing sodalites contained in the multiphase ceramic matrix are present as mixed-anion 
33 sodalite phases. Lastly, a comparison of the results discussed in this study to data previously collected on Hanford 
34 low-activity waste (LAW) glass indicates that Re release from the multiphase ceramic matrix is either an order of 
35 magnitude lower or 6 times faster to 99Tc release from LAW glass depending on whether the BET or geometric 
36 surface area is used to normalize the Re release rates. 
37 
38 Keywords: Ceramic Waste Forms; Sodalite Technetium; Rhenium; Nuclear Waste; Pressurized Unsaturated Flow 

	
  
39 
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1 1 Introduction 
	
  

2 Feldspathoid and zeolites, such as sodalite (general formula of M8[Al6Si6O24]X2, where M is an alkali cation— 
	
  

- - 2-
 

3 such as Cs, K, Na, etc—and X is a monovalent anion, such as Br-, Cl-, I-, TcO4 , ReO4 , SO4 , etc.), are a large and 
	
  

4 diverse classes of minerals characterized by a crystalline framework of tetrahedral Al and Si with a three- 
	
  

5 dimensional pore system that can accommodate a variety of anions (Brenchley and Weller, 1994; Buhl et al., 2001; 
	
  

6 Buhl et al., 1989; Campbell et al., 2000; Deer et al., 1963; Fechtelkord, 2000; Gesing and Buhl, 1998; Johnson et al., 
	
  

7 2000; Mattigod et al., 2006; Shannon et al., 2000; Srdanov et al., 1994; Zhao et al., 2004). The common theme in 
	
  

8 sodalite group minerals is the flexible framework structure that can expand to enclathrate various guest anions by 
	
  

9 cooperative changes in the Al-O-Si bond angle (Pauling, 1930). The synthesis and stability under laboratory and 
	
  
10 hydrothermal conditions have been studied extensively because of the importance of zeolite-type phases as 

	
  
11 industrial catalysts and molecular sieves. Additionally, these phases have been postulated to form in the environment 

	
  
12 at locations where the unintentional release of caustic, high ionic strength, Al-rich waste solutions that exceed 60°C 

	
  
13 have reacted with subsurface sediments; which consist mainly of quartz, feldspar, hornblende, mica, chlorite, illite, 

	
  
14 kaolinite, smectite, and calcite (Serne et al., 1998), at the Hanford site in Richland, WA (Bickmore et al., 2001; 

	
  
15 Chorover et al., 2003; Deng et al., 2006a; Deng et al., 2006b; Mashal et al., 2004; Mon et al., 2005; Qafoku et al., 

	
  
16 2003a; Qafoku et al., 2003b; Rivera et al., 2011; Zachara et al., 2007; Zhao et al., 2004). 

	
  
17 In addition to industrial applications and presence in contaminated systems, sodalite group minerals have been 

	
  
18 studied by a number of investigators as a potential host media for the immobilization of defense high-level waste 

	
  
19 (HLW), commercial nuclear waste, and transactinide elements, such as plutonium, in multiphase ceramic waste 

	
  
20 forms (Barney, 1974; Fanning et al., 2003; Hatch, 1953; Hench et al., 1981; Hench et al., 1986; Moschetti et al., 

	
  
21 2000; Sinkler et al., 2000). For example, a glass-bonded sodalite has been considered as a host matrix for the 

	
  
22 disposal of electrorefiner wastes from sodium-bonded metallic spent nuclear fuel removed from the EBR II fast 

	
  
23 breeder reactor (Fanning et al., 2003; Moschetti et al., 2000; Sinkler et al., 2000). In this paper we evaluate the 

	
  
24 potential for a sodalite-bearing multiphase ceramic waste form (i.e., fluidized-bed steam reformer sodium 

	
  
25 aluminosilicate granular product [FBSR NAS]) to resist aqueous corrosion and retain key risk driving radionuclides 

	
  
26 (e.g., technetium-99 [99Tc]). The FBSR NAS waste form is primarily composed of nepheline (ideally NaAlSiO4), 

	
  
27 anion-bearing sodalites (ideally Na8[AlSiO4]6Cl2), and nosean (ideally Na8[AlSiO4]6SO4). 
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1 Multiphase ceramic waste forms have been studied extensively as a potential host matrix for radionuclides 
	
  

2 (Lumpkin, 2006; Stefanovsky et al., 2004). Some of the most studied multiphase waste forms include the multiple 

3 versions of SYNthetic ROCk (SYNROC) (Ringwood et al., 1978), tailored ceramics (Harker, 1988), pyrochlore 
	
  

4 (Icenhower et al., 2006; Weber et al., 1986), zirconolite (Clinard et al., 1984a; Clinard et al., 1984b), and glass-
	
  

5 ceramics (O'Holleran et al., 1997). For an overview of the state-of-the-science on the afore-mentioned multiphase 
	
  

6 waste forms see the reviews by Lutze and Ewing (1988), Lee et al. (2006), Caurant et al. (2009), and NRC (2011). 
	
  

7 Improving the scientific and technical basis for using each of the different types of multiphase ceramic waste forms 
	
  

8 in nuclear waste management requires an understanding of the speciation, partitioning, and the release behavior of 
	
  

9 radionuclides immobilized in the multiphase matrix. 
	
  
10 In this study, we evaluate the FBSR NAS ceramic waste form for Hanford low-activity waste (LAW)

	
  
11 immobilization by providing insight into the speciation, partitioning and release behavior of Re. The perrhenate 

	
  
- -

 
12 (ReO4 ) ion was added to the LAW simulant as a chemical analogue for the pertechnetate (TcO4 ) ion during the 

	
  
13 synthesis of the FBSR NAS granular product. The volume of immobilized LAW at Hanford is the largest in the 

	
  
14 DOE complex and is one of the largest inventories (approximately 8.9 × 1014 Bq total activity) of long-lived 

	
  
15 radionuclides, principally 99Tc (t1/2 = 2.1 × 105), planned for disposal in a near-surface burial facility (Mann, 2003). 

	
  
16 Vitrification at the Hanford Waste Treatment and Immobilization Plant (WTP) represents the baseline treatment 

	
  
17 approach for the LAW stream (ORP, 2011). However, the treatment capacity at WTP is not sufficient for the 

	
  
18 estimated volume of LAW and it is anticipated that a supplemental technology, such as the FBSR NAS waste form 

	
  
19 or equivalent material, will be required to meet project goals (DOE, 2012; ORP, 2011). The objective of the 

	
  
20 experiments discussed in this manuscript was to determine for the first time the oxidation state, speciation, and 

	
  
21 mineral association for the rhenium (Re) in the FBSR NAS waste form matrix. In addition to determining the Re 

	
  
22 speciation in the FBSR NAS waste form, a 2.5-year long weathering experiment was conducted under hydraulically 

	
  
23 unsaturated conditions with the goal of determining (1) the alteration phase or phases that form as a result of long- 

	
  
24 term weathering, (2) the evolution in the solution chemistry that occurs during the multiphase wasteform-water 

	
  

25 interaction, and (3) to gain insight into the ReO4
- release mechanism, as a chemical analogue to TcO -. 
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1 2 Material Production and Characterization 
	
  

2 2.1  Description of the fluidized-bed steam reformer production process 

3 The THermal Organic Reduction (THORSM) Treatment Techologies (TTT) Fluidized-Bed Steam Reformation 

4 (FBSR) process operates by introducing high sodium nitrate content tank wastes into a moderate temperature (650 – 
	
  

5 800°C) fluidized bed. The tank waste is reacted with carbon and iron-based reductants to covert nitrates and nitrites
	
  

6 directly to nitrogen gas. Radionuclides, alkali metals, sulfate, chloride, fluoride, and non-volatile heavy metals in 
	
  

7 the waste stream are reacted with clay (kaolinite) or other inorganic materials to produce a polycrystalline mineral 
	
  

8 product. For additional details on THOR-TTT FBSR process see Jantzen (2002), Olson et al. (2004), Soelberg et al. 
	
  

9 (2004), or visit the THORSM–TTT website (www.thortt.com). 
	
  
10 2.2  Synthesis and composition 

11 In August 2004, a pilot-scale test of THOR Treatment Technology mineralized FBSR process technology was 
	
  
12 conducted at the SAIC STAR facility at INEEL. The results of the pilot-scale tests conducted with the externally 

	
  
13 heated 6-inch reformer system is described in Olson et al. (2004). The pilot-scale run was terminated on August 5, 

	
  
14 2004, and resulted in a continuous operating time (COT) of 68 hours and 26 minutes (68:43 hours) with a LAW 

	
  
15 slurry feed rate that ranged from 3 to 5.5-kg/hour. The FBSR LAW 1104/1123 sample used to produce the test 

	
  
16 results discussed below represents a sample of the bed product removed at 55:30 hours of the COT cycle. The FBSR 

	
  
17 LAW 1125 filter fines were also removed during this time period and represent the final filter fines. The additives 

	
  
18 used to produce the mineralized product include the Hanford LAW simulant, starting bed media, carbon reductive 

	
  
19 additive, and mineralized additive. The Hanford LAW simulant, which primarily consist of sodium and potassium 

	
  
20 salts, used in this pilot-scale test was a six-tank composite sample designed to represent dissolved radioactive 

	
  
21 saltcake (Mahoney and Rassat, 2003; Olson et al., 2004). The purpose of the starting bed material was to facilitate 

	
  
22 heat transfer to the atomized feed and prevent over-quenching in the feed zone. A wood-based carbon received from 

	
  
23 Berger Brothers of Chicago was used as the reductive additive in this test. Carbon was added to the system to 

	
  
24 provide heat input to the bed and to form reducing conditions for nitrogen oxides destruction. The mineralized clay 

	
  
25 additive used was OptiKasT clay, which consists mainly of kaolinite (Al2O3 2SiO2 2H2O) with a minor amount of 

	
  
26 muscovite [(K,Na)(Al,Mg,Fe)2(Si3.1Al0.9)O10(OH)2. The kaolin clay was added to provide sufficient reactive Al and 

	
  
27 Si to combine with alkali elements in the feed to produce nepheline and other aluminosilicate mineral phases in the 

	
  
28 reformer. The raw materials used to prepare the FBSR waste forms were characterized with respect to their chemical 
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1 composition. The results of these analyses and the approaches used to prepare the samples are discussed in Olsen et 
	
  

2 al. (2004) and Jantzen et al. (2004). The elemental composition of the raw solid materials as well as the final bed 

3 product (FBSR LAW 1104/1123) and filter fines (FBSR LAW 1125) are provided in Table 1. 
	
  

4 2.3 Test sample preparation and specific surface area measurement

5 The as-received material was sieved into the 450 to 149 ❍m (<40 to >100 mesh) and 149 to 75 ❍m (<100 to 
	
  

6 >200 mesh) size fraction with standard ASTM sieves  (ASTM, 2008). The sieved material was then washed in
	
  

7 ethanol, washed again with ethanol in an ultrasonic bath, rinsed with ethanol, and then dried in a 90°C (±2°C) oven. 
	
  

8 Each sample before testing was stored at room temperature (~23°C) in a desiccator that contained CaSO4. 
	
  

9 Because of the limited amount of available material for the PUF experiments, the specific surface area for the 
	
  
10 149 to 75❍m size fraction was measured and used to estimate the surface area of the 450 to 149 ❍m sample. The 

	
  
11 specific surface area of the 149 to 75 ❍m was determined to be 4.15 ±0.01 m2/g with N2-adsorption BET 

	
  
12 measurements using a Micromeritics ASAP 2010 surface area analyzer (Brunauer et al., 1938). This measurement 

	
  
13 was comparable to the value reported by Lourier et al. (2005) for the same size fraction and approximately two- 

	
  
14 times higher than the value for the SCT02-098 FBSR product reported by McGrail et al. (2003a; 2003b). For 

15 comparison, the geometric surface area for the 149 to 75 ❍m size fraction was estimated to be 0.02 m2/g, with the 
	
  
16 geometric equation McGrail et al. (1997), Equation (1), 

	
  
	
  
	
  

17 SGEO   ✝ 
❒r 

	
  

(1) 

18 where SGEO = surface area (m2/g), r = is the average radius of the particle (m), and ❒ = is the particle density (g/cm3). 
	
  
19 The particle density, measured with an Accupyc 1330 He pycnometer, was determined to be 2.663 ±0.005 g/cm3 and 

	
  
20 is comparable to the value of 2.764 ±0.004 g/cm3 reported by McGrail et al. (2003a). Equation (1) assumes the 

	
  
21 grains are spherical and the sizes are normally distributed; surface pits, cracks, and other forms of surface roughness 

	
  
22 do not affect the surface area. 

	
  
23 It is important to note that surface area has been recognized as an important factor in quantifying mineral 

	
  
24 dissolution rates. The proper handling of surface area is one of, if not the most problematic variable, and has been 

	
  
25 the subject of numerous studies (Brantley and Mellot, 2000). A large degree of uncertainty is associated with 

	
  
26 measurements of bulk BET surface area, and the contribution of actual reactive surface area is not always known. 

	
  
27 For glasses, it has been shown that the geometric surface area best represents the overall glass surface area (McGrail 
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1 et al., 1997) but no such case currently exists for the FBSR product. As previously discussed, two methods were 
	
  

2 used to determine the surface area of the FBSR product, calculated geometric (McGrail et al., 1997) and N2- 
	
  

3 adsorption BET (Brunauer et al., 1938). A comparison of these values illustrates the calculated geometric surface 
	
  

4 area is 216 times less than the measured value via N2-adsorption BET. In the case of glass, the geometric surface
	
  

5 area is approximately two to five times less than the Kr-adsorption BET measurement and this difference has been 
	
  

6 attributed to the presence of a minor amount of smaller particles that remain adhered to the surface of the larger 
	
  

7 glass grains after washing (Pierce and Bacon, 2011; Pierce et al., 2007; Pierce et al., 2008). 
	
  

8 As previously discussed in McGrail et al. (2003a), the FBSR product contains a large amount of microporosity 
	
  

9 that increases the reactive surface area (Fig. 1). A similar observation was also reported by Lorier et al. (2005) for 
	
  
10 the FBSR LAW 1123 bed material. Although use of the BET surface area may overestimate the true reactive surface 

	
  
11 area, the obvious microporosity indicates that use of the geometric surface area will underestimate the true 

	
  
12 dissolution rate. Therefore, the dissolution rates reported here have been normalized to the BET surface area. The 

	
  
13 true reactive surface area is probably less than the BET value, but also probably significantly higher than the 

	
  
14 geometric value. Additional work will be required to better constrain the reactive surface area of the FBSR product. 

	
  
15 Another factor that complicates the surface area estimates is the fact that the FBSR product is composed of several 

	
  
16 different mineral phases, each of which can have very different surface area measurements and therefore surface 

	
  
17 roughness factors. This also complicates the evaluation of the results because we cannot assign a specific values to 

	
  
18 any of the know phases that are present. 

	
  
19 The calculated geometric surface area for the 450 to 149 ❍m sample that will be used in the PUF experiments 

	
  
20 was estimated to be 0.0078 m2/g. Multiplying the surface roughness factor (216) by the geometric surface area 

	
  
21 results in an estimated N2-BET surface area of 1.68 m2/g for the 450 to 149 ❍m. This value will be used to calculate 

	
  
22 elemental release rates from the PUF experiments. 
	
  
23 2.4  X-ray diffraction and Scanning Electron Microscopy 

24 Powder XRD patterns were recorded with Cu K❁ radiation X-ray tube (● = 1.54 Å) and data were collected in 
	
  

25 the 2❑ range: 2 to 65°, with a scanning step size of 0.02° 2❑ and a dwell time of 2 s. The data were analyzed with the 
	
  
26 computer program JADE (MDI, Livermore, California) combined with the Joint Committee on Powder Diffraction 

	
  
27 Standards (JCPDS) International Center for Diffraction Data (ICDD) (Newtown Square, Pennsylvania) database. 
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1 Upon termination of the experiment, the reacted solids were subsampled as found (loose and moist particles). 
	
  

2 The first 3.5-mm (i.e., vertical top) of the column, which represents the most reacted particles, was subsampled 

3 twice. The remaining length of the column (from top to bottom) was sampled as a function of depth (~6.5-mm 
	
  

4 intervals). The subsamples were placed in plastic vials, dried at room temperature in a sealed container with CaSO4
	
  

5 desiccant, and analyzed for secondary reaction products with XRD. 
	
  

6 Scanning electron microscopy (SEM) images were taken to determine particle morphology, size, and porosity 
	
  

7 of unreacted samples. Operating conditions were 20 keV for SEM imaging. Photomicrographs of high-resolution 
	
  

8 secondary electron images were obtained as digital images and stored in electronic format. The SEM mounts 
	
  

9 consisted of double-sided carbon tape attached to a standard aluminum planchet. The sample mounts were then 
	
  

10 carbon-coated via vacuum sputtering to improve the conductivity of the samples, and thus, the quality of the SEM 
	
  
11 images. 
	
  
12 2.5  X-ray absorption spectroscopy 

13 Bulk XAFS analysis was conducted by placing approximately 200 mg of unreacted sample in a Teflon holder 
	
  
14 sealed with Kapton tape. The bulk Re LII-edge (11 959 eV) X-ray Absorption Near Edge Structure (XANES) spectra 

	
  
15 of the bed product (FBSR 1123) and filter fines (FBSR 1125) were collected in fluorescence at Stanford 

	
  
16 Synchrotron Radiation Lightsource (SSRL) on beamline 11-2. The beamline configuration consisted of a 

	
  
17 cryogenically cooled Si(220), ❆ = 90°, double-crystal monochromator with the second crystal detuned by 70% to 

	
  
18 reduce the harmonic content of the beam. Incident and transmitted beam intensity was determined using nitrogen 

	
  
19 filled ion chambers. Fluorescence data was collected with a Canberra 32 element germanium detector and are 

	
  
20 corrected for detector dead time. Data were normalized and corrected for self-absorption using Athena (Ravel, 2005) 

	
  
21 2.5.1 Bulk Rhenium LII-edge XAFS Reference Spectra and Data Analysis 

	
  

22 Four reference spectra, ReO2, ReO3, KReO4, and ReO --sodalite, were used for data fitting. The spectrum of 
	
  

23 ReO --sodalite (Pierce et al., submitted) was collected on SSRL beamline 11-2 and normalized as described above, 
	
  
24 except that the data were collected in transmission using nitrogen filled ion chambers. The other reference spectra 

	
  
25 have been described previously (Lukens et al., 2007). Data were fit using the program “fites,” which performs a 

	
  
26 non-linear least squares fit of the data (http://lise.lbl.gov/RSXAP). XANES fitting was performed in a series of

	
  
27 iterations. The XANES spectra of the FBSR 1123 and 1125 samples were initially fit using all of the reference 

	
  
28 spectra. If the contribution of any spectrum was smaller than its standard deviation, it was removed from the set of 



Pierce Page 8 of 42 

FBSR PUF Experiment 

	
  

	
  

4 

q   

	
  
	
  

1 standard spectra, and the fit was repeated. This process was repeated until the contribution of each remaining 

2 spectrum was greater than its standard deviation. In the end, only KReO4, and ReO - sodalite contributed to the fit, 
	
  

3 which used five parameters: the contribution of each standard spectrum, a global energy shift, and a linear 
	
  

4 correction. Data were fit between 11940 and 12040 eV. Data resolution was 6 eV as determined from the white line
	
  

5 for each of the measurements performed at the different beam lines, so the XANES spectrum contains 16.6 
	
  

6 independent data points. 
	
  

7 2.5.2 F-test for Rhenium LII-edge results 
	
  

8 The improvement to the fit due to the inclusion each reference spectrum in the final fit was determined using 
	
  

9 the F-test (Downward et al., 2007). Briefly, the data was fit using the final set of reference spectra to give the best 
	
  

10 fit. Then, the fit was repeated multiple times with the amplitude of one of the reference spectra set to zero each time, 

11 which produced a larger r-factor. For each component, F was determined using 
	
  
	
  

➦ ✈r 2  ✍ r 2 ✉ ➶➦ ✈m ✍ n✉ ➶ 12 F ✝ ➧ ➷➧ ➷ (2) 
➧ r 2  ➷ b 
➨ 0  ➸➨  ➸ 

	
  

13 where rq is the r-factor of a fit with the amplitude of 1 component set to zero, r0 is the r-factor for the fit including 
	
  
14 all components, m is the number of independent data (16.6), n is the number of parameters in the best fit (5), and b is 

	
  
15 the difference between the number of parameter in the best fit and the number of parameters with one component set 

	
  
16 to zero (1). The probability (p) that a given value of F was due to random error was determined using Excel. 
	
  
17 2.6  Pressurized unsaturated flow (PUF) test 

18 The long-term weathering of nuclear waste forms has been studied for more than two decades. Although the 
	
  
19 results are useful, some of the alternative test methods (e.g., vapor hydration test [VHT], product consistency test 

	
  
20 [PCT-B],and unsaturated drip test [UDT]) have yielded data with limited applicability to the development of models 

	
  
21 that can accurately describe the underlying processes controlling the long-term elemental release rates under 

	
  
22 repository relevant conditions. See the Pierce et al. (2007; 2006) for a discussion of how the PUF test compares to 

	
  
23 other accelerated weathering experiments. Unlike the aforementioned methods, the PUF apparatus allows for 

	
  
24 accelerated weathering experiments to be conducted under hydraulically unsaturated conditions, thereby mimicking 

	
  
25 the open-flow and transport properties of the disposal system environment while accelerating the para-genetic 

	
  
26 transformation reactions the mineralized waste form is expected to undergo over time in a disposal facility. In the 
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1 PUF experiment, the paragenetic transformation reactions are accelerated by conducting experiments at 
	
  

2 temperatures that are above the 15°C disposal conditions and at high solid to solution ratios. 

3 The PUF system and test procedure have been described previously by McGrail et al. (1999; 1996b; 2000) and 
	
  

4 Pierce et al. (2011; 2005; 2007; 2004; 2006), and only a general description is provided in this paper. The PUF
	
  

5 system has a 7.62-cm long and 1.91-cm diameter column fabricated from a chemically inert material, 
	
  

6 polyetheretherketone (PEEK), so that dissolution reactions are not influenced by interaction with the column 
	
  

7 material. A porous Ti plate with a nominal pore size of 0.2-µm is sealed in the bottom of the column to ensure an 
	
  

8 adequate pressure differential for the conductance of fluid while operating under unsaturated conditions (Wierenga 
	
  

9 et al., 1993). Titanium is chosen because it is highly resistant to corrosion and has excellent wetting properties. 

10 Once the porous Ti plate is water saturated, water but not air is allowed to flow through the 0.2-❍m pores, as long as 
	
  
11 the applied pressure differential does not exceed the air entry relief pressure, referred to as the bubble pressure, of 

	
  
12 the Ti plate. If the pressure differential is exceeded, air will escape through the plate and compromise the ability to 

	
  
13 maintain unsaturated flow conditions in the column. The computer control system runs LabVIEW➤ (National 

	
  
14 Instruments Corporation) software for logging test data from several thermocouples, pressure sensors, inline sensors 

	
  
15 for effluent pH and conductivity, and from an electronic strain gauge that measures column mass to accurately track 

	
  
16 water mass balance and saturation level. The column also includes a PUF port, which is an electronically actuated 

	
  
17 valve that periodically vents the column gases. The purpose of column venting is to prevent reduction in the partial 

	
  
18 pressure of important gases, especially O2 and CO2, which may be consumed in a variety of chemical reactions. 

	
  
19 The PUF column was packed with 14.79 g of crushed <40 to >100 mesh (from 450 to 149 ❍m particles) and 

	
  
20 cleaned FBSR LAW 1123 bed product, which resulted in a fill volume of 5.35 cm3 and void volume of 15.56 cm3. 

	
  
21 Finally the bottom 0.81 cm3 of column volume was packed with crushed sapphire to provide a filter bed between the 

	
  
22 FBSR LAW 1123 bed product and the Ti porous plate. The filter bed was placed at the base of the column to 

	
  
23 minimize the entrapment of colloidal particles in the porous plate. The reader should note that in comparison to the 

	
  
24 mineral phases contained in the FBSR LAW 1123 product, sapphire, a high temperature Al2O3 mineral phase, is 

	
  
25 relatively corrosion resistant. In other words, sapphire will have a much slower corrosion rate and is considered to 

	
  
26 be relatively un-reactive; therefore, it is not expected to impact the results of this experiment. The mass difference 

	
  
27 between the packed and empty column was used to calculate the initial porosity of approximately 0.72 ±0.03 

	
  
28 (unitless). After packing, the column was then vacuum saturated with 18M✷ DIW at ambient temperature. A 
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1 temperature controller was then programmed to heat the column to 90°C (±1°C) in approximately 1 hr (1°C/min). 
	
  

2 The column initially was allowed to desaturate by gravity drainage during heating and was also vented periodically 

3 to maintain an internal pressure less than the bubble pressure of the porous plate. After reaching 90°C (±1°C), the 

4 influent valve was opened, and influent was set to a flow rate of 2 mL/d. The influent reservoir containing 18 M✷ 
	
  

5 DIW was maintained at ambient temperature and periodically refilled during the test. Column venting was set to 
	
  

6 occur once an hour, so the partial pressure of O2 and CO2 could remain relatively constant. Effluent samples were 
	
  

7 collected into tared vials from which samples were extracted and acidified for elemental analysis with inductively 
	
  

8 coupled plasma-optical emission spectroscopy (ICP-OES) and -mass spectrometry (ICP-MS). 
	
  

9 2.7  Effluent solution analyses 

10 All effluent solutions were monitored for pH and electrical conductivity with in-line sensors. Prior to starting 

11 the experiments, the in-line pH probe was calibrated with NBS buffers (pH = 7.00, 10.00, or 12.00 at 25°C). 
	
  
12 Precision of pH measurement was ±0.05 pH units. The in-line Pharmacia Biotech electrical conductivity sensor was

	
  
13 calibrated with a freshly made solution of 1.0 M NaCl. The 1.0 M NaCl solution was prepared by adding 11.67 g of 

	
  
14 analytical grade NaCl powder to 200 mL of 18 M✷ DIW. Concentrations of Re in effluent solution samples were 

	
  
15 determined with ICP-MS methods; whereas concentrations of Al, Cr, Fe, K, Na, Si, Ti, and Zr were determined with 

	
  
16 ICP-OES methods. After passing through the 0.2-❍m Ti porous plate and the inline sensors, aliquots of the effluent 

	
  
17 solutions were acidified with ultra high-purity concentrated HNO3 and analyzed with ICP-MS and ICP-OES 

	
  
18 methods. 
	
  
19 2.8  Normalized concentration and quantification of the elemental release rates 

20 The normalized concentration (NCi) was calculated from the element concentrations in the effluent solutions 
	
  
21 with Eqn. (3) 
	
  

✈ci , L  ✍ ci ,b ✉ 
22 NCi  ✝  (3) 

fi 
	
  

23 where ci is the effluent and average background solution concentration of element i (mg/L) and fi is the mass fraction 
	
  
24 of element i in the FBSR NAS waste form (unitless). 

	
  
25 The results of chemical analyses on collected effluent samples are used to calculate a normalized release rate 

	
  
26 according to Pierce et al. (2006) and McGrail et al. (1996a) 
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1 ri  ✝ 
4❅q(ci , L  ✍ ci , b ) 

❑S (1 ✍ ❅)❒❐d2 Lf 

	
  
(4)

	
  

2 where ri is the normalized dissolution (release) rate of the ith element [g/(m2 d)], ci,L is the effluent concentration of 
	
  

3 the ith element (g/m3), ci,b is the background concentration of the ith element (g/m3), d is the column diameter (m), L 
	
  

4 is the column length (m), q is the volumetric flow rate (m3/d), S is the specific surface area of the granular FBSR 
	
  

5 NAS waste form sample (m2/g), ❅ is the porosity (unitless), ❒ is the granular FBSR NAS waste form density (g/m3), 
	
  

6 fi is the mass fraction of the ith element (unitless), and ❑ is the volumetric water content (unitless). The volumetric 
	
  

7 water content is calculated based on the mass of a volume of water in a fixed column volume, accounting for 
	
  

8 changes in the solution density resulting from temperature changes. The background concentration for most 
	
  

9 elements is typically below the estimated quantification limit (EQL) for the respective analysis. The EQL is defined 
	
  
10 as the lowest calibration standard that can be determined reproducibly during an analytical run within 10% of the 

	
  
11 certified value multiplied by the sample dilution factor. In cases where the analyte is below the EQL, the 

	
  
12 background concentration of the element is set at the value of the EQL. An estimate of the 2▲ experimental 

	
  
13 uncertainty for the elemental release rates from the FBSR material was determined with error propagation. For 

	
  
14 additional details on the error propagation equation for PUF experiments see Pierce et al. (2006). 

	
  
	
  
15 3 Results 
	
  
16 3.1  XRD characterization of the unreacted FBSR material 

17 Powder XRD measurements were performed on an aliquot of unreacted FBSR LAW mineralized product. The 

18 measured XRD pattern is shown in Fig. 2 along with several standard mineral powder diffraction files (PDFTM). The 
	
  
19 major reflections shown are consistent with the ~70 to 75% nepheline [NaAlSiO4, PDF #19-1176] and ~10 to 15%

	
  
20 sodium aluminum silicate [NaAlSiO4, PDF #52-1342] similar to low carnegieite (NaAlSiO4) or a hydrated 

	
  
21 nepheline. Minor shifts in the peaks corresponding to the sodium aluminum silicate phase were observed, perhaps 

	
  
22 indicating a minor amount of chemical or structural difference compared with the phase represented in the PDFTM

 
	
  
23 database. Lesser amounts of nosean [Na6(Al6Si6O24(Na2SO4], PDF# 74-1736] and anion-bearing sodalite (ideally 

	
  
24 Na8[Al6Si6O24](NaCl)2) which combined accounts for ~10 to 15%. The values provided are semi-quantitative and 

	
  
25 represent the relative magnitude of the different minerals and are based upon whole pattern fitting of the XRD

	
  
26 spectrum. In other words, nepheline is the dominant mineral contained in the FBSR NAS granular product which 

	
  
27 also contains a significant fraction of sodium aluminum silicate (similar to low-carnegiete) and anion-bearing 



Pierce Page 12 of 42 

FBSR PUF Experiment 

	
  

	
  

4 

4 

4 

4 

4 

	
  
	
  

1 sodalite/nosean. The XRD analyses were conducted on FBSR NAS product with the excess coal removed by heating 
	
  

2 the material to 525°C overnight in an oxidizing atmosphere prior to testing. The heating process removed 5.57 wt% 

3 for 1104/1123 and 3.27 wt% for 1125 of unreacted coal for the FBSR LAW bed product (1104/1123) and the filter 
	
  

4 fines (1125), respectively. 
	
  

5 3.2  Rhenium oxidation state in the unreacted FBSR material 

6 The Re L2-edge XANES spectra of the four standards are shown in Fig. 3a. Each spectrum is dominated by a 
	
  

7 large white line which lies just below the actual adsorption edge in energy. This feature is due to the allowed 
	
  

8 transition of the Re 2p-electrons into the vacant 5d-orbitals. The overall intensity of this feature reflects the number 
	
  

9 of vacancies in the 5d-orbitals, so the area of the white line becomes progressively larger as one progresses from 
	
  

10 ReO2 (7 vacancies) to ReO3 (9 vacancies) to KReO4 and ReO --sodalite (10 vacancies). The spectra also shift to 
	
  
11 higher energies as the formal oxidation increases, which is due to decreased screening of the Re 2p-electrons. In 

	
  
12 addition to these major differences, the XANES region just above the edge contains features due to extended X-ray 

	
  
13 absorption fine structure (EXAFS), especially those due to multiple scattering. The major changes are clearly seen in 

	
  

14 Fig. 3a as one moves from ReO2 through the ReO - compounds. The smaller EXAFS contributions may be seen in 
	
  
15 the size and spacing of the features at energies that are above the white line. In particular, the EXAFS contributions 

	
  

16 result in slightly different spectra for KReO4 versus ReO --sodalite because the Re environments is not identical in 
	
  

- -
 

17 the two materials. Although both materials contain the tetrahedral ReO4  anion, the Re-O bond distance in ReO4 - 
	
  
18 sodalite, 1.655 ±0.006 Å (Pierce et al., submitted) is considerably shorter than bond in NaReO4 = 1.728 ±0.002 Å 

	
  
19 (Atzesdorfer and Range, 1995) and KReO4 = 1.723 ±0.004 Å (Lock and Turner, 1975; Morrow, 1960). The results 

	
  
20 confirm that under these processing conditions the oxidation state of Re remains unchanged and suggest the reduced 

	
  
21 conditions used to destroy the nitrite and nitrate species contained in the LAW stream during the production process 

	
  
22 are not reducing enough to convert Re(VII) to Re(IV) species in the FBSR NAS matrix. 

	
  
23 The results of the linear combination fitting the XANES spectrum of FSBR 1125 are provided Table 2 and 

	
  
24 shown in Fig. 3b and strongly support the postulate that the perrhenate anion is present in the sodalite cage rather 

	
  

25 than existing as a separate perrhenate salt. Of the four standard spectra, only two, those of KReO4 and ReO -- 
	
  
26 sodalite, had contributions greater than their standard deviations. The large uncertainties in the contributions of 

	
  

27 KReO4 and ReO --sodalite are due to the similarities of the spectra and should not be taken as an indication that any 
	
  
28 Re oxidation state other than heptavalent contributes to the spectrum of FBSR 1125. One surprising result of the 
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1 XANES analysis is indicated by the p-values of the standard spectra. In the case of KReO4, the p-value of 0.390 
	
  

2 means that the fit is not significantly improved by inclusion of this reference spectrum (Table 2). On the other hand, 
	
  

3 the p-value of 0.018 for ReO --sodalite indicates that the fit is significantly improved by its inclusion (Table 2). 
	
  

4 Qualitatively, this difference can also be seen in the similarity of the XANES spectrum of FBSR 1125 to that of 
	
  

5 ReO --sodalite, especially in the region of the small peak just above the white line in energy. In the XANES 
	
  

6 spectrum of KReO4, this peak has greater intensity and occurs at lower energy than in the spectra of ReO --sodalite 
	
  

7 and FBSR 1125. Similar results were obtained for the FBSR 1123 sample. The Re release results discussed below 
	
  

8 are also consistent with the Re partitioning to a mineral phase rather than the water soluble perrhenate salt, such as 
	
  

9 NaReO4 or KReO4. 
	
  
10 3.3 Computer monitored test metrics

11 Results from the computer-monitored test metrics, volumetric water content (❑), pH, and electrical conductivity 
	
  

12 (✷), are shown in Fig. 4, 5, and 6. The sensor data were smoothed using a bi-square weighting, method where the 
	
  
13 smoothed data point, ys, is given by y  ✝ ✈1 ✍ ◗

2  ✉
2

 . The parameter ◗is a weighting coefficient calculated from a 
s 

	
  
14 window surrounding the smoothing location in the set of the independent variables. A low-order polynomial 

	
  
15 regression (order 2 in this case) is used to compute ◗ for each smoothed value. The smoothed data are provided as 

	
  
16 lines and were used to make qualitative assessments of the results shown in Fig. 4, 5, and 6. 

	
  
17 Results shown in Fig. 4 illustrate that the average volumetric water content (❑) gradually increases with 

	
  
18 increasing reaction time from 0.32 ±0.03 for first 200 days to 0.56 ±0.02 for the final 200 days of testing. The 

	
  
19 observed episodic increases in the ❑, as shown in Fig. 4, is the result of the effluent line becoming plugged with 

	
  
20 colloidal reaction products (illustrated by vertical lines). These excursions were excluded from the average 

	
  
21 volumetric water content calculations. Attempts to collect and analyze this material were unsuccessful. Previous 

	
  
22 experiments with SCT02-98 material by McGrail et al. (2003a) also observed plugging of the porous plate. The 

	
  
23 results of SEM-EDS analysis of the porous plate from these early PUF experiments suggested that a Pb mineral 

	
  
24 phase was precipitating on the surface of the porous plate. Similarly to the volumetric water content, the effluent 

	
  
25 solution pH and electrical conductivity decreased as the testing time increased (Fig. 5 and Fig. 6). 
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1 3.4  Effluent Solution chemistry 

2 Results from the analyses of effluent samples are provided in Fig. 7. Release of elements from the column 
	
  

3 illustrates a general trend of decreasing concentration with increasing reaction time. The normalized concentrations 
	
  

4 of Na, P, Re, and S are as much as 1 × 102 times greater than Al and 1 × 104 times greater than Si (Fig. 7). It is 
	
  

5 important to note that majority of the solution samples analyzed for the concentration of Ca, Cr, Fe, K, Mg, Mn, Pb, 
	
  

6 and Ti were below the EQL. The results for these elements were not included in Fig. 7. 
	
  

7 The normalized concentration (NCi) was calculated from the element concentrations in the effluent solutions 
	
  

8 with Eqn. (3). The results shown in Fig. 7 suggests that under these conditions Na-, P-, Re-, and S-bearing 
	
  

9 solid/mineral phase(s) are more soluble than Al- and Si-bearing solid/mineral phase(s). Although all the solutions 
	
  

10 exiting the PUF column were visibly clear, it is possible that colloids smaller than the 0.2-❍m average pore diameter 
	
  

11 of the porous plate may be exiting the PUF column. Therefore, everything <0.2-❍m was analyzed as being in 
	
  
12 solution. Movement and transport of colloids is to be expected because transport within a PUF column is typically 

	
  
13 advection-dominated. This can be demonstrated by calculating a Peclet (Pe) number for this experiment with Eqn. 

	
  
14 (5); 
	
  
	
  
	
  
15 Pe  ✝ 

➦ ✝q  ➶
➧ ➷ 
➨ ➸ , 

D 

	
  
	
  
Pe  ✞ 4 (advection-dominated system) 

	
  
	
  
(5) 

	
  

16 where q is the flow rate (2.3 × 10-11 m3/s), ❑ is the average volumetric water content (0.246), A is the column area 
	
  
17 (2.85 × 10-4 m2), x is the column distance (0.0762 m), and D is the molecular diffusion coefficient for water 

	
  
18 (assumed to be 1.0 × 10-9 m2/s). This calculation resulted in an average Pe number of 25.2. This value clearly shows 

	
  
19 that this PUF test is advection dominated. 
	
  
20 3.5  Element release rate and mineral dissolution rate 

21 A comparison of the element release rates for the major components in the FBSR NAS granular product is 
	
  
22 shown in Fig. 8. Similar to the concentration data the rate of element release decreases as the reaction time 

	
  
23 increases. The results in Fig. 8 also illustrate that the steady-state release rates (estimated to occur after 200-days of 

	
  
24 reaction) for Al [(4.8 ±0.6)×10-5 g/(m2 d)] and Si [(2.7 ±0.5)×10-5 g/(m2 d)] is equivalent and Na [(1.1 ±0.2)×10-4

 
	
  
25 g/(m2 d)] release is ~2 to 4 times faster than Al and Si, respectively. In comparison to Al and Si, the steady-state 

	
  
26 release rate for Re [(5.7 ±0.9) × 10-4 g/(m2 d)] release is 10 to 20 times greater and S [(2.0 ±0.4) × 10-4 g/(m2 d)] 

	
  
27 release is 4 to 7 times greater. Although the average steady-state Re release rate is ~2.8 times greater than the S 
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1 release rate, the similarity in the observed time-dependent release behavior suggests that perrhenate sodalite and 
	
  

2 nosean may be associated with one another. The slightly faster reaction rate for the perrhenate sodalite may be 

3 related to the possibility that Re may be present in the FBSR NAS product as a mixed salt anion-sodalite (Trill, 
	
  

4 2002; Trill et al., 2002; Trill et al., 2003); in other words an anion-sodalite that contains multiple guest anions in the 
	
  

5 cage. There is a high probability for the formation of a mixed anion sodalite because other anions (i.e., Cl, F-, SO 2-, 
	
  

6 etc.) are present in the FBSR feed material, specifically the LAW simulant, at concentrations that are several orders 
	
  

7 of magnitude greater than ReO4
-. Although we suspect that the perrhenate sodalite contained in the FBSR NAS 

	
  
8 granular product is most-likely present as a mixed phased anion-sodalite—which has implications on the minerals 

	
  
9 stability and reactivity—measurements are being performed with the individual pure minerals (e.g., nosean and Cl- 

	
  
10 I-, and Re-bearing sodalites) for comparison to the FBSR NAS granular product results presented here [see Pierce et

	
  
11 al. (submitted)]. 
	
  
12 3.6  Characterization of reacted FBSR grains 

13 Analysis of reacted grains at various depths with powder XRD (Fig. 9) confirmed that samples removed from 
	
  
14 the top of the column had the most extensive alteration. In comparison to the unreacted sample (see Fig. 2), Fig. 9 

	
  
15 suggests that the most reacted samples—which were taken from the 3.5-mm and 7.5-mm depth—have been 

	
  
16 significantly depleted in the NaAlSiO4 phase that is similar to low carnegieite relative to the other phases present. 

	
  
17 The fractional change as a function of depth is illustrated in Fig. 10a and b and indicates the reaction front has 

	
  
18 progressed ~30-mm (i.e., halfway) into the column. The fraction of anion-sodalite and nosean has been depeleted in 

	
  
19 the upper most samples (e.g., 3.5-mm and 7.5-mm) with the distribution of minerals contained in the remaining 

	
  
20 samples staying relatively constant (Fig. 10a). A similar trend is shown for nepheline in Fig. 10b with the increase 

	
  
21 being largely associated with the depletion of a phase that resembles low carnegiete and the conversion of sodalite 

	
  
22 and nosean to nepheline. The observed depth dependent XRD profile occurs because of the constant leaching of 

	
  
23 elements at the column inlet which is caused by the addition of fresh DIW that dilutes the equilibrated pore-water 

	
  
24 and provides the chemical potential needed for additional leaching of the FBSR NAS matrix. Additionally, the order 

	
  
25 of reactivity for each mineral phase also plays a role in the observed XRD profile because the thermodynamic 

	
  
26 stability of each mineral is different. Thermodynamic measurements indicate the order of reactivity is nepheline > 

	
  
27 nosean > Cl-sodalite > Re-sodalite. Although the XRD results are semi-quantitative, they suggest that the mineral 

	
  
28 phase that resembles low carnegieite dissolves first and is the least durable of all the mineral phases contained in the 
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1 multiphase FBSR NAS waste form. The XRD results also indicate that the mineral distribution evolves with time 
	
  

2 but the dominant mineral phases contained in the FBSR NAS matrix are still present even after 2.5-years of leaching 

3 at 90°C and a high surface area-to-volume ratio. 
	
  
	
  

4 4 Discussion
	
  

5 4.1  Mechanisms Controlling Al, Na, and Si Release 

6 Although the reaction mechanism for silicate weathering is still being debated, the generally accepted concept 
	
  

7 that describes silicate weathering is the leaching mechanism (Blum and Stillings, 1995; Nugent et al., 1998; Oelkers, 
	
  

8 2001; Oelkers et al., 1994). The silicate leaching mechanism concept proceeds via a set of coupled processes that 
	
  

9 include (1) the selective removal of charge compensating cations (i.e., ion exchange of H+ or H3O+ contained in bulk 
	
  
10 solution for cations in the mineral) and (2) protonation and rupture of Si—O—Si and Si—O—Al bonds (i.e., 

	
  
11 network hydrolysis) [see Oelkers et al. (2009), Schott (2009), and the references contained therein]. Under near-

	
  
12 saturated conditions the aforementioned reaction mechanisms typically lead to the development of a hydrated 

	
  
13 surface layer that is depleted in aluminum as well as alkali and alkaline-earth metals and ranges in thickness from 20 

	
  
14 to 1000 Å. It has been postulated that reconstruction of the silica network, which creates a silica-rich surface layer, 

	
  
15 can occur via molecular-scale reorganization either by repolymerization of silanol groups (Casey and Bunker, 1990; 

	
  
16 Casey et al., 1988), restructuring of the silica network (Tsomaia et al., 2003), and/or readsorption of silica (Banfield 

	
  
17 et al., 1995) at the mineral-solution interface. Hellman (2003; 2012) has questioned the process of surface

	
  
18 reconstruction in the formation of surface layers by studying the interface between experimentally altered and non- 

	
  
19 altered feldspar using high resolution transmission electron microscopy. Hellman et al. (2003; 2012) concluded that 

	
  
20 the interface was chemically and structurally sharp on an atomic scale, and did not show the compositional profiles 

	
  
21 that would be expected from a solid state interdiffusion mechanism. They concluded that the data were better 

	
  
22 explained by an interfacial dissolution-reprecipitation mechanism, in which the dissolution reaction is initially 

	
  
23 stoichiometric, but is coupled with the precipitation of amorphous silica from a supersaturated boundary layer of

	
  
24 fluid (i.e., a solution film in contact with the mineral surface that has a composition that is different than the bulk 

	
  
25 fluid). 

	
  
26 In an attempt to gain additional insight into mechanisms controlling Al, Na, and Si release from the FBSR NAS 

	
  
27 matrix geochemical modeling with PHREEQC was used to qualitatively evaluate the possibility of solubility limited 

	
  
28 release. Three simulations were conducted and compared to the measured Al, Na, and Si steady-state effluent 
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1 concentrations (i.e., concentration after the first 200 days of testing). The model simulations consisted of estimating 
	
  

2 the Al, Na, and Si concentration based on the nepheline solubility and Si concentration based on amorphous SiO2 
	
  

3 and chalcedony solubility. The results shown in Fig. 11 suggest nepheline or the phase that resembles low carnegiete 
	
  

4 solubility is controlling the concentration of steady-state concentration of Al, whereas Na release is controlled by a
	
  

5 combination of ion exchange and nepheline or the phase that resembles low carnegiete solubility, evident by the 2.3 
	
  

6 to 3.7 higher release rate in comparison to Al. The deviation between the measured and predicted Si concentrations 
	
  

7 with respect to nepheline solubility (Fig. 11), suggest that Si release is being controlled by the formation of another 
	
  

8 phase; probably a Si-rich phase similar to amorphous silica or chalcedony (Fig. 12). The correlation between the 
	
  

9 measured Si concentrations to amorphous silica and chalcedony solubility suggests a hydrated surface layer may 
	
  
10 have formed on surface of altered FBSR grains. The inability to positively identify this phase in XRD and SEM 

	
  
11 analysis of reacted grains suggests the phase is amorphous and represents a minor component of the bulk sample, 

	
  
12 such as a surface coating on reacted grains. 

	
  
13 Although the results presented cannot distinguish between the two mechanisms currently being debated (i.e., 

	
  
14 reconstruction versus dissolution-reprecipitation) within the geochemical community, the time-dependent evolution 

	
  
15 of the solution chemistry suggests the following steps are occurring: (1) the ion exchange as evident by the average 

	
  
16 Na (7.9×102 g/m2) normalized release being 2.3 and 3.7 times greater than Al (3.4×102 g/m2) and Si (2.2×102 g/m2) 

	
  
17 normalized release, respectively; (2) the dissolution of the silicate matrix, specifically the phase that resembles low 

	
  
18 carneigeite, evident by the depth dependent alteration phase evolution; and (3) the formation of a silica-rich surface 

	
  
19 layer evident by the dissolved Si concentration being at or near the solubility of amorphous SiO2 or chalcedony. 

	
  
20 The formation of a Si-rich surface layer indicates that the alteration mechanism controlling multiphase FBSR matrix 

	
  
21 weathering is similar to other silicate minerals. 
	
  
22 4.2  Re and S Release Mechanism and Implications for Hanford LAW Immobilization 

23 In an attempt to gain additional insight into mechanisms controlling Re and S release from the FBSR NAS 
	
  
24 matrix geochemical modeling with PHREEQC was used to qualitatively evaluate the possibility of solubility limited 

	
  
25 release. Two simulations were conducted and compared to the measured Re and S steady-state effluent 

	
  
26 concentrations (i.e., concentration after the first 200 days of testing). The model simulations consisted of estimating 

	
  
27 the Re concentration based on the Re-sodalite solubility and S concentration based on the nosean solubility. The 

	
  
28 results shown in Fig. 13 suggest the S and Re concentrations are within an order of magnitude of the nosean and Re- 
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1 sodalite solubility, respectively. The order of magnitude difference between the observed and predicted 
	
  

2 concentration along with the similarity in Re and S release provides additional indication for the proposed concept 

3 that the anion-sodalites contained in the FBSR NAS matrix are not pure and are present as mixed-anion sodalite 
	
  

4 phases.
	
  

5 The multiphase FBSR NAS ceramic waste form (which is composed of nepheline, low carneigiete, nosean, and 
	
  

6 sodalite) was evaluated as a potential host material for Hanford LAW. These results illustrate that rhenium in the 
	
  

7 FBSR NAS matrix is in the Re(VII) oxidation state, present as NaReO4, and incorporated into the sodalite structure 
	
  

8 [probably as mixed anion-sodalite type structure Na8(Al6Si6O24)(SO4) and Na8(Al6Si6O24)(ReO4)2]. These results 
	
  

9 provide some credibility to the proposed concept that Tc(VII), similar to Re(VII), can be incorporated into the 
	
  
10 sodalite structure while in the presence of the other anions contained in the LAW waste stream at significantly 

	
  
11 higher concentrations. Although it has been demonstrated that the redox chemistry for Re and 99Tc is significantly 

	
  
12 different (Lukens et al., 2007), the similarities in the atomic radii [1.373 Å for Re(VII) and 1.358 Å for Tc(VII)], as 

	
  
13 well as the ionic radii for Re(VII) and Tc(VII) at 0.56 Å, allows the perrhenate anion to serve as a close chemical 

	
  
14 analogue for the pertechnetate anion under oxidizing conditions (Icenhower et al., 2010). A comparison of the 

	
  
15 results discussed in this study to data previously collected on LAW glass (Fig. 14), indicates that Re release from the 

	
  
16 multiphase FBSR NAS granular product is an order of magnitude lower than 99Tc release [(2.1 ±0.3)×10-2 g/(m2 d)] 

	
  
17 from LAW glass (LAW AN102) (Pierce et al., 2006) when normalizing the rates using the BET surface area [(6.1 

	
  
18 ±0.9)×10-4 g/(m2 d)] and ~6 times faster (e.g., comparable) when using the geometric surface area  [(1.32 ±0.02)×10-

 
	
  
19 1 g/(m2 d)]. Although glass represents the primary treatment option for Hanford LAW, these results suggests the 

	
  
20 multiphase FBSR NAS ceramic waste form may be a viable alternative technology for providing the supplemental 

	
  
21 treatment capacity required to meet the scheduled goals for Hanford cleanup. 
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Fig. 1. Scanning Electron Microscopy image of 149 to 75 mm sized grains of the FBSR material 
as well as an image at increased magnification. The larger image illustrates that the larger grain
is an aggregation of smaller particles. 
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of the column. The grey lines are the bi-squared smoothed fit of the raw 
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Pierce Page 29 of 42 

FBSR PUF Experiment 

	
  

	
  

pH
 

lo
g 

  
(E

le
ct

. C
on

d.
), 

 
g 

 10
 

	
  
	
  
1 

	
  
2 

	
  
	
  
	
  

13 
pH 

12 Smoothed Data 
	
  

11 
	
  

10 

9 
	
  

8 
	
  

7 
0 200 400 600 800 1000 

	
  

Time, days 

Fig. 5. Computer-monitored test metrics for the pH of the effluent solution 
exiting the column. The grey lines are the bi-squared smoothed fit of the raw 
data and are provided as a guide to the eye. 
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Fig. 6. Computer-monitored test metrics for the electrical conductivity of 
the effluent solution exiting the column. The grey lines are the bi-squared 
smoothed fit of the raw data and are provided as a guide to the eye. 



Pierce Page 30 of 42 

FBSR PUF Experiment 

	
  

	
  

lo
g 1

0 
(N

or
m

. C
on

c.
), 

(m
g/

L)
 

 
lo

g 10
 (D

iss
ol

ut
io

n 
R

at
e)

, [
g/

(m
  

 

 
lo

g 10
 (

D
iss

ol
ut

io
n 

R
at

e)
, [

g/
(m

  
 

lo
g 10

 (N
or

m
. C

on
c.

), 
 

	
  
	
  
1 

	
  

	
  
4  Al  5  P 

Na   Re 
Si   S 

	
  
3 4 

	
  
	
  
	
  

2  3 
	
  

	
  
	
  

(a) 
1 

0  200  400  600  800  1000 
	
  

Time, days 

(b) 
2 

0  200  400  600  800  1000 
	
  

Time, days 
	
  

Fig. 7. Normalized concentration, in mg/L, as a function of time, in days, for Al, Na, and Si on the left (a) and P, Re, and S on 
the right (b). 
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Table 1. Chemical composition, in mass% (g/g), of the Raw Materials—OptiKast Clay, BB P6 
Carbon, and White Alumina—and 1104/1123 FBSR Bed Product and 1125 FBSR Filter Fines. 

	
  
	
  

Oxide OptiKast Clay  BB P6 Carbon Ash  White Alumina 
1104/1123 FBSR 

Bed Product 

	
  
1125 FBSR 
Filter Fines 

Al2O3 42.89 0.30 100.14 32.50 34.77 
CaO 0.03 67.50 0.14 2.31 1.78 

Cr2O3 - - 0.01 0.12 0.10 
Cs2O - - - 0.00 0.00 
Fe2O3 0.37 0.43 0.14 0.27 0.25 
K2O 0.07 3.31 0.00 0.30 0.31 
MgO 0.02 2.45 0.02 0.07 0.06 
Na2O 0.03 0.19 0.01 20.22 22.24 
P2O5 0.05 1.05 0.02 0.45 0.45 
ReO4 - - - 0.005 0.005 
SO3 - 0.67 0.02 0.61 0.96 
SiO2 52.73 1.50 0.86 35.73 43.00 
TiO2 1.77 0.02 0.02 1.18 1.27 
Cl - - - 0.13 0.10 
F - - - 0.10 0.10 
I - - - 0.00 0.00 

NO2 27.00 0.00 0.00 
NO3 - - - 0.01 0.01 
PO4 - - - - -
SO4 - - - - - 

	
  

1 
	
  
2 

	
  
3 

	
  
	
  
	
  

Table 2. Results of XANES spectra fitting for pilot-scale FBSR NAS granular product. 
	
  

- a
 

  KReO4  pa  ReO4  -sodalite  p   
0.3±0.3 0.390 0.7±0.3 0.018 

ap is the probability that the improvement to the fit due to including this component is 
due to random error (noise). If p < 0.05, the improvement to the fit due to including 

  this component is greater than two standard deviations of the component.   
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1 Appendix 1: Supplemental Information – Geochemical Calculations 

	
  
2 The thermodynamic data for nepheline (NaAlSiO4) is well-established, and the calculated log K and solubility are 

	
  
3 close. After comparing calculations with multiple thermodynamic data sources, we chose the reaction from llnl.dat, which 

	
  
4 came with came with PHREEQC (Parkhurst and Appelo, 1999). The nepheline dissolution reaction is 

	
  
5 NaAlSiO4 + 4 H ♠ Na  + Al   + H4SiO4 (6) 

	
  

6 with log K = 13.8006 and temperature function (Parkhurst and Appelo, 1999) 
	
  

7 log K ✝ A ☞ A T ☞ 
A3 

1 2 T 
☞ A log T ☞ 

A5   ☞ A T 2 
4  T 2 6

 

	
  
(7) 

	
  

8 with the coefficient of -24.856, -8.8171×10-3, 8565.3, 6.0904, and -227860.0. 
	
  

9 The thermodynamic data for nosean was measured and is reported in Lilova et al. (in review). The nosean dissolution 
	
  
10 reaction is 

	
  

✈ ✉  +  +  3+  2- 11 Na8 
AlSiO4 

SO + 24 H 
6 

♠ 8Na  + 6Al   + 6H4SiO4 +SO4 

(8) 
	
  

12 with a log K = 127.22 and ✤H = -1075.7 kJ/mol. These results resulted in unrealistically high solubility values for nosean. 
	
  

13 This is because the entropy (S0) data for nosean was not available, and we attempted to use the entropy for nepheline ( ✤S = 
	
  

14 124.4 J/mol K) as an approximation for nosean (✤H = 124.4 × 6 = 746.4 J/mol K). This entropy value is less than the value 
	
  
15 measured Cl-sodalite (✤S = 848.08 J/mol·K) and Re-sodalite (1190.76 J/mol·K). As a result of this, the log K and ∆H for 

	
  
16 Cl-sodalite was used as an approximation for nosean. The temperature dependence of the log K was corrected using the 

	
  
17 Van’t Hoff equation 
	
  
	
  

18 log K ✍ log K0
 ✝ ✍ 

✤H ➦ 1  1 ➶ 
➧ ➷

	
  
(9) 

2.3R ➨ T  T0  ➸ 
	
  

19 The thermodynamic data for Re-sodalite was measured and is reported in Pierce et al. (in review). The Re-sodalite 
	
  
20 dissolution reaction is

	
  

✈ ✉  ✈ ✉  +  +  3+  -
 

21 Na8 AlSiO4    6 ReO4 + 24 H2 
♠ 8Na  + 6Al   + 6H4SiO4 +2ReO4 (10) 

	
  

22 with log K = 34.81 and ∆Hr = -871.33 kJ/mol. Temperature dependence of the log K was determined using Eqn. (9). 
	
  
23 Each of the aforementioned thermodynamic reactions was added to the phreeqc.dat database and PHEEQC (Parkhurst 

	
  
24 and Appelo, 1999) version 3 was used for the geochemical calculations. For amorphous silica [SiO2(am)] and chalcedony 

	
  
25 solubility calculations as a function of pH, the thermodynamic data for SiO2(am) and chalcedony in the PHREEQC 

	
  
26 database was used. 
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