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EXECUTIVE SUMMARY 

 
Fluidized Bed Steam Reforming (FBSR) processing of Sodium Bearing Waste simulants was 
performed in December 2006 by THORsm Treatment Technologies LLC (TTT)  The testing 
was performed at the Hazen Research Inc. (HRI) pilot plant facilities in Golden, CO.  FBSR 
products from these pilot tests on simulated waste representative of the SBW at the Idaho 
Nuclear Technology and Engineering Center (INTEC) were subsequently transferred to the 
Savannah River National Laboratory (SRNL) for characterization and leach testing.  Four as-
received Denitration and Mineralization Reformer (DMR) granular/powder samples and four 
High Temperature Filter (HTF) powder samples were received by SRNL.  FBSR DMR 
samples had been taken from the “active” bed, while the HTF samples were the fines 
collected as carryover from the DMR.  The process operated at high fluidizing velocities 
during the mineralization test such that nearly all of the product collected was from the HTF.  
Active bed samples were collected from the DMR to monitor bed particle size distribution.  
 
Characterization of these crystalline powder samples shows that they are primarily Al, Na 
and Si, with > 1 wt% Ca, Fe and K.  The DMR samples contained less than 1 wt% carbon 
and the HTF samples ranged from 13 to 26 wt% carbon.  X-ray diffraction analyses show 
that the DMR samples contained significant quantities of the Al2O3 startup bed.  The DMR 
samples became progressively lower in starting bed alumina with major Na/Al/Si crystalline 
phases (nepheline and sodium aluminosilicate) present as cumulative bed turnover occurred 
but 100% bed turnover was not achieved.  The HTF samples also contained these major 
crystalline phases.  
 
Durability testing of the DMR and HTF samples using the ASTM C1285 Product 
Consistency Test (PCT) 7-day leach test at 90ºC was performed along with several reference 
glass samples.  Comparison of the normalized leach rates for the various DMR and HTF 
components was made with the reference glasses and the Low Activity Waste (LAW) 
specification for the Hanford Waste Treatment and Vitrification Plant (WTP).  Normalized 
releases from the DMR and HTF samples were all less than 1 g/m2.  For comparison, 
normalized release from the High-Level Waste (HLW) benchmark Environmental 
Assessment (EA) glass for Si, Li, Na and B ranges from 2 to 8 g/m2.  The normalized release 
specification for LAW glass for the Hanford WTP is 2 g/m2.   
 
The Toxicity Characteristic Leach Test (TCLP) was performed on DMR and HTF as-
received samples and the tests showed that these products meet the criteria for the EPA 
RCRA Universal Treatment Standards for all of the constituents contained in the starting 
simulants such as Cr, Pb and Hg (RCRA characteristically hazardous metals) and Ni and Zn 
(RCRA metals required for listed wastes).   
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1.0 INTRODUCTION AND BACKGROUND 

 
Fluidized Bed Steam Reforming (FBSR) has been selected by the United States Department of 
Energy (DOE) as the preferred treatment technology for the Sodium Bearing Waste (SBW) at the 
Idaho Nuclear Technology and Engineering Center (INTEC) [Fed. Register 2005].  The FBSR 
application for treatment of SBW simulants has been reported in previous studies [Mason 2006, 
Burket 2005, Soelberg 2004a, Soelberg 2004b].  Characterization and durability testing of FBSR 
bed and fines material produced at pilot scale facilities have been reported [Pareizs et al., 2005, 
Jantzen et al, 2006a, Jantzen et al, 2006b].  Durability testing of those materials in monolithic 
form was also studied [Jantzen 2006c].  
 
Recent FBSR processing of simulated Idaho SBW was performed in December of 2006 at the 
Hazen Research Inc. (HRI) Facility in Golden, CO [Pilot Plant Report 2007].  Bed product 
materials and filter fines were produced and transferred to the Savannah River National 
Laboratory (SRNL) for characterization and durability testing as part of a Work for Others 
(WFO) project.  This report presents the results of characterization, durability testing, and 
toxicity characteristic leaching procedure (TCLP) testing on these materials. 
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2.0 OPERATIONAL SUMMARY 

 
The HRI facility tests were performed December 12-21, 2006.  Figure 2-1 and Table 2-1 show 
operational details that were provided by TTT to SRNL.  A total of four as-received Denitration 
and Mineralization Reformer (DMR) samples and four High Temperature Filter (HTF) samples 
were received by SRNL. 
 
The DMR samples were taken from the “active” bed, and HTF are the fines collected 
downstream of the DMR.  The process operated at high fluidization during the mineralization 
test such that nearly all of the product collected was from the HTF.  Active bed samples were 
collected from the DMR to monitor bed particle size distribution.   
 
The major difference in the samples (and tests) is the quantity of clay that was combined with the 
liquid waste to “mineralize” the granular solid product that was produced in the DMR and HTF.  
Table 2-1 shows which samples are associated with the test condition (clay addition).  The 
numerical value of the sample log numbers reflects the time line.  The test was started with 228, 
then 276, then 339, and finally 200 g clay/liter SBW.   
 
A ternary plot showing the DMR and HTF ‘as-received’ sample compositions is shown in Figure 
2-2.  Note that as-received sample compositions will be presented in detail later in this report.  
This plot shows progression away from starting alumina bed turnover for the successive DMR 
samples.  The earliest DMR sample ‘DMR 4504’ shown as the light green data point is nearest to 
the ‘pure’ Al2O3 point on the ternary diagram.  As testing proceeded, successive DMR product 
sample compositions got further away from the Al2O3 portion of the ternary plot and closer to the 
targeted composition of the HTF samples.   
 
One can use the software MINCALC process control strategy∗ to adjust the as-received DMR 
product compositions to account for the excess starting bed Al2O3.  Table 2-2 shows the 
MINCALC results for calculated portions of starting bed Al2O3 and DMR product.  These 
adjusted compositions can be normalized based on the ternary components (Al2O3, M2O = Na2O 
+ K2O + Cs2O, and SiO2), and plotted on the ternary plot shown in Figure 2-3.  Figure 2-3 also 
shows the Na2O/Al2O3 starting point for the SBW simulant as well as the SiO2/Al2O3 starting 
point for the clay.  Comparison of the adjusted DMR data shown on Figure 2-3 ternary indicates 
that the product portion of the as-received DMR samples are indeed close to the target 
composition as defined by the line connecting the SWB simulant and the clay. 
 
 

                                                 
∗ MINCALC is a spreadsheet that aids in Steam Reforming batch preparations (clay and waste amounts, carbon 
additions, etc.) by predicting product mineral phases.  Further details of MINCALC have been previously presented 
in Pareizs et al., 2005. 
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Table 2-1.  Operational Summary of FBSR 

Sample Log # Date Time Location Test Condition 
4504 12/15/06 0115 DMR Production Tests P-1 & P-2   

(228 g clay / L SBW Lite) 
4508 12/15/06 0115, 0145 HTF (same as above) 
4531 12/16/06 0015 DMR Production Tests P-3   

(276 g clay / L SBW Lite) 
4546 12/16/06 0215-0245 HTF (same as above) 
4637 12/18/06 0100 DMR Production Tests P-4   

(339 g clay / L SBW Lite) 
4649 12/18/06 0100-0140 HTF (same as above) 
4726 12/20/06 0100 DMR Production Tests P-5A   

(200 g clay / L SBW Lite) 
4728 12/20/06 0030 HTF (same as above) 
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Figure 2-1.  Time Line of FBSR 
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Figure 2-2.  Ternary Plot Showing DMR and HTF Samples 
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Table 2-2.  MINCALC Results for DMR Adjustments for Unreacted Al2O3 

DMR Sample  
# 

Date Time  As 
Received

Adjusted 
for 

Unreacted
Al2O3 

Percentage Starting Bed 
vs. Product 

4504 12/15/06 0115 SiO2 
Alkali 
Al2O3 
Sum 

17.30 
9.85 
72.85 
100.00 

43.17 
24.57 
32.26 
100.00 

60% Starting Bed vs. 
40%Product 

4531 12/16/06 0015 SiO2 
Alkali 
Al2O3 
Sum 

24.57 
12.68 
62.74 
100.00 

44.13 
22.77 
33.10 
100.00 

44% Starting Bed vs. 
56% Product 

4637 12/18/06 0100 SiO2 
Alkali 
Al2O3 
Sum 

32.35 
15.83 
51.82 
100.00 

44.72 
21.88 
33.40 
100.00 

28% Starting Bed vs. 
72% Product 

4726 12/20/06 0100 SiO2 
Alkali 
Al2O3 
Sum 

35.55 
23.87 
40.57 
100.00 

36.93 
24.80 
38.27 
100.00 

4% Starting Bed vs. 
96% Product 
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Figure 2-3.  Ternary Plot Showing Adjusted DMR Compositions Relative to the Target 
Compositions Defined by the Starting Simulant and the Starting Clay by Adjustment for 

Unreacted Al2O3 
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3.0 EXPERIMENTAL 

 
3.1 CHARACTERIZATION 
 
Elemental and anion compositions of the steam reforming materials were measured for as 
received samples before and after heating of the samples at 525 ºC overnight.  Elemental and 
anion analyses were performed on lithium tetraborate fusion (1000 ºC) and sodium peroxide 
digestion (650 ºC), respectively.  These methods used nominally 0.1 g of powder solid sample to 
0.1L of dissolved solution and have been described in detail previously (Pareizs et al., 2005).  
The digestion methods for elemental analysis involves the use of acids for dissolution.  Water is 
used in place of acid in the sodium peroxide digestion for anion analysis.  All elemental 
concentrations (except for Hg, Re and Cs) were determined by Inductively Coupled Plasma 
Atomic Emission Spectroscopy (ICP-AES).  The Re and Cs were measured by Inductively 
Coupled Plasma Mass Spectroscopy (ICP-MS).  Mercury was measured by performing a 
separate microwave dissolution, followed by cold vapor atomic absorption spectroscopy.  
REDOX (iron (II) to total iron ratio) was determined on samples that were not subjected to 
carbon removal, using a dissolution and absorption spectroscopy method.  As received samples 
were also examined by powder X-ray Diffraction (XRD) to investigate the formation of the 
mineral phases in the FBSR waste forms.   
 
3.2 DURABILITY TESTING 
 
The chemical durability of the steam reformer products was determined using the Product 
Consistency Test (PCT) ASTM procedure C 1285-02 [ASTM 2002].  Prior to sizing and 
washing, carbon was removed from the material by heating overnight at 525ºC .  The DMR 
product samples were sized between (-) 100 and (+) 200 mesh (74 µm to 149 µm), which is the 
same size fraction used to express glass waste form performance.  The HTF fines material was 
sieved to (-) 200 mesh.  The sized material was washed six times with 100% ethanol to remove 
electrostatic fines.  Water was not used for washing so no potential water soluble phases would 
be removed prior to leaching as cautioned by the ASTM C1285-02 procedure.  Portions of the 
washed and dried DMR and HTF powders were analyzed using Microtrac – S3000 
instrumentation for particle size analysis by laser light scattering.  BET surface area 
measurements via gas adsorption, and nitrogen gas pycnometry density measurements 
(Quantachrome Corp.) were also performed on the sieved/washed/dried portions of the powders 
used for PCT.  For all samples, ASTM Type I water was used as leachant, a constant leachant to 
sample ratio of 10 cm3/g was used, the test temperature was 90ºC, and the test duration was 
seven days.  Test duration and temperature are the nominal test conditions used for testing glass 
waste form performance under the PCT-A [ASTM 2002].   
 
The PCT results can be expressed as a normalized concentration (NCi) which has units of  
g waste form/Lleachant, or as a normalized release (NLi) in g waste form/m2.  Normalized concentrations 
are calculated using Equation 1 and normalized release is calculated using Equation 2. 
 
 
NCi = Ci(sample) / fi       (Equation 1) 
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NLi = NCi / (SA/V)       (Equation 2) 
 
Where  Ci(sample) is the measured leachate concentration 
  fi is the elemental weight fraction 
  SA/V is the surface area to volume ratio 
 
In order to calculate NLi, the units used to express LAW glass durability, the surface area of the 
material being tested must either be calculated per ASTM C 1285, Appendix X1, or measured.  
In this study the SA/V was calculated using the average particle size diameter as determined 
from the geometric surface area and the powder bulk density via Equation 3. 
 
SA/V calc = 6 / (ρ . d . V)      (Equation 3) 
 
Where             SA/V calc is the calculated surface area to volume ratio based on the average          

particle diameter and the waste form powder density 
  d is the average particle diameter (m) 
  ρ  is the waste form particle density (g/m3)  
  V is the volume of leachant V per g of waste form (L/g) 
 
The other method for SA/V determination involves a measurement of the surface area by the 
BET method.  In this method, the amount of an inert gas that condenses on a powdered sample is 
measured at a temperature near the boiling point of the gas.  The amount of gas condensed on the 
sample is measured by the pressure change in the system upon exposure to the sample.  This 
method measures all open pores, inclusions, irregularities, etc. that are penetrable by the inert 
gas.  The SA/V ratio is calculated by dividing the measured BET surface area by the leachant 
volume via Equation 4.  
 
SA/V BET = SA BET / V      (Equation 4) 
 
3.3 TCLP 
 
The INL SBW is a listed waste under the EPA Resource Conservation and Recovery Act 
(RCRA).  When treated, the waste form must retain the hazardous components at the Universal 
Treatment Standard (UTS) limits [Land Disposal Restrictions 2004].  The Land Disposal 
Restrictions (LDRs) do not apply to Transuranic (TRU) waste forms disposed of at the Waste 
Isolation Pilot Plant (WIPP).  However, if a mineralized waste form were to be disposed of at the 
Federal Repository (such as Yucca Mountain), then LDRs (UTS) would apply.   
 
All DMR and HTF samples were evaluated for retention of the hazardous metals by the EPA 
Toxicity Characteristic Leaching Procedure, Method 1311 (TCLP) [TCLP Method 1311, 1986].  
Greater than 100 g samples of as-received material were submitted to Accura Analytical 
Laboratory, Inc. of Norcross, GA, an EPA-certified laboratory.  In the leaching procedure, 100 g 
samples are extracted by an acidic fluid for 18 hours.  The extraction fluid (leachate) is then 
filtered and analyzed for elements of interest.  Since organics are destroyed in the FBSR process, 
only the following RCRA hazardous inorganic species were measured:  As, Ba, Cd, Cr, Pb, Se, 
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Ag, Hg, Ni, and Zn  It should be noted that although all of these constituents were analyzed for 
in the TCLP, the elements As, Ba, Cd, Se and Ag were not added to the SBW simulant that was 
processed.  If the concentration of a hazardous inorganic species from the simulated waste form 
is higher than the UTS limits, then it is assumed that a real waste treated in a similar manner 
would fail the UTS limits and require further remediation. 
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4.0 RESULTS AND DISCUSSION 

 
4.1 CHEMICAL COMPOSITION 
 
Tables 4-1 and 4-2 show wt% elemental and oxide species, respectively, for the DMR and HTF 
samples.  Data was obtained for both ‘before ashing’ samples (indicated with ‘-B’ labels in 
Tables 4-1 and 4-2) and for samples that had been ashed at 525ºC for ~ 8 hrs until no further 
mass change (indicated with ‘-A’ labels in Tables 4-1 and 4-2).  Boron and fluoride were added 
to the SBW simulants at ~ 0.2 g/L and 0.6 g/L but were not detected in the dissolution/analysis 
of the DMR or HTF samples.  Zirconium and cerium were also added to the SBW but were not 
analyzed in this characterization.  Table 4-1 data indicates that no detectable mercury was 
present in any of the samples above the instrument detection limit of 0.004 wt%.  Elemental 
analysis of the samples shows that Al > Si~Na are the main components, with greater than 1 wt% 
of Ca, Fe and K also present.  Table 4-2 shows that no detectable nitrate anions were present in 
the DMR and HTF samples, and that some samples showed detectable nitrite levels with the 
HTF samples having > 1 wt% NO2

-.  The carbon content of the HTF samples was in the range of 
13 – 26 wt% and the DMR samples contained < 1 wt% carbon.  All of the iron determined in the 
HTF samples was in the reduced ferrous (Fe2+) state, as indicated by the REDOX values of 
(Fe2+/Fe total) equal to one.  Summation of all species on an oxide basis including the carbon 
content gives totals in an acceptable range of 96 – 104 wt%. 
 



WSRC-STI-2007-00319, REV. 0 

- 12 - 

 

Table 4-1.  Elemental Composition – Wt% 

 Sample ID Al B*  Ca   Cr Fe K Mg Mn Na   Ni P   Pb   S Si   Sr Ti Zn Cs Re Hg** 

4504-DMR-B 35.35 0.1 1.83   0.04 3.43 1.05 0.16 0.14 4.11   0.02 0.07   0.01 < 0.03 5.14   0.02 0.25 0.09 6.1E-03 1.2E-03 0.004 

4504-DMR-A 33.70 0.1 2.45   0.05 2.91 1.41 0.18 0.17 5.16   0.02 0.08   0.01   0.04 7.11 < 0.01 0.31 0.11 6.1E-03 1.4E-03 NA 

4531-DMR-B 32.30 0.1 2.70   0.05 4.07 1.54 0.20 0.19 5.10   0.02 0.06   0.01 < 0.03 7.48   0.02 0.38 0.14 7.1E-03 1.6E-03 0.004 

4531-DMR-A 28.85 0.1 3.26   0.06 3.52 2.19 0.22 0.22 6.11   0.03 0.09   0.02   0.04 9.68 < 0.01 0.43 0.16 6.3E-03 1.7E-03 NA 

4637-DMR-B 22.70 0.1 3.42   0.06 2.93 2.53 0.25 0.22 8.42   0.03 0.05   0.02 < 0.03 13.70   0.02 0.65 0.19 1.0E-02 3.1E-03 0.004 

4637-DMR-A 24.30 0.1 3.25   0.06 3.15 2.46 0.23 0.21 8.31   0.05 0.04   0.02 < 0.03 13.40   0.01 0.57 0.19 1.1E-02 1.6E-03 NA 

4726-DMR-B 19.35 0.1 4.26   0.05 3.20 3.37 0.35 0.33 12.65   0.02 0.08 < 0.01   0.04 14.85   0.02 0.67 0.06 4.0E-03 8.0E-04 0.004 

4726-DMR-A 19.25 0.1 4.78   0.05 2.36 3.37 0.40 0.35 12.90   0.02 0.08 < 0.01   0.04 15.00   0.02 0.72 0.07 2.6E-03 9.5E-04 NA 

4508-HTF-B 13.35 0.1 5.17   0.06 1.34 2.99 0.29 0.24 9.86   0.03 0.08   0.03   0.68 13.65 < 0.01 0.65 0.10 9.3E-02 6.8E-03 0.004 

4508-HTF-A 15.00 0.1 6.33   0.07 1.66 3.82 0.32 0.28 11.85   0.04 0.11   0.04   0.70 16.05   0.02 0.77 0.10 1.1E-01 1.5E-02 NA 

4546-HTF-B 11.60 0.1 5.11   0.05 1.14 3.01 0.26 0.22 8.77   0.03 0.08   0.03   0.54 14.30   0.01 0.67 0.07 9.1E-02 6.3E-03 0.004 

4546-HTF-A 14.90 0.1 6.14   0.07 1.50 3.41 0.32 0.28 10.90   0.03 0.10   0.05   0.68 18.10   0.02 0.83 0.10 1.0E-01 1.8E-02 NA 

4649-HTF-B 10.30 0.1 6.36   0.04 0.61 2.41 0.27 0.20 6.99   0.02 0.06   0.04   0.54 13.50   0.02 0.61 0.06 9.3E-02 3.2E-03 0.004 

4649-HTF-A 14.35 0.1 8.59   0.06 0.82 3.33 0.35 0.26 9.50   0.03 0.08   0.05   0.68 18.55   0.03 0.79 0.08 1.3E-01 8.8E-03 NA 

4728-HTF-B 10.35 0.1 5.64 < 0.01 0.70 3.74 0.30 0.26 11.35 < 0.01 0.07   0.02   0.76 13.20 < 0.01 0.61 0.02 4.5E-03 1.3E-04 0.004 

4728-HTF-A 12.70 0.1 7.13 < 0.01 0.80 4.70 0.34 0.31 13.75 < 0.01 0.09   0.02   0.90 16.25   0.02 0.71 0.03 6.2E-03 2.7E-04 NA 

* Note Boron values are ‘less than’ values; boron was added to SBW simulant at ~ 0.2 g/L;  
** Note Hg < 0.004 wt% 
NA – Hg analysis not performed on after-ashed samples. 
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Table 4-2.  Oxide Composition – Wt% 
 Sample 

ID Al2O3 B2O3 CaO   Cr2O3 Fe2O3 K2O MgO MnO2 Na2O   NiO P2O5   PbO   SO3 SiO2   SrO TiO2 ZnO Cs2O ReO2 
4504-

DMR-B 66.80 0.32 2.55   0.06 4.90 1.26 0.26 0.22 5.54   0.03 0.15   0.01 < 0.08 10.98   0.02 0.41 0.11 6.5E-03 1.4E-03 
4504-

DMR-A 63.68 0.32 3.43   0.07 4.16 1.70 0.30 0.27 6.96   0.03 0.19   0.01   0.10 15.21 < 0.01 0.52 0.14 6.5E-03 1.7E-03 
4531-

DMR-B 61.03 0.32 3.78   0.07 5.81 1.86 0.33 0.30 6.87   0.03 0.14   0.01 < 0.08 15.99   0.02 0.63 0.18 7.5E-03 1.9E-03 
4531-

DMR-A 54.51 0.32 4.55   0.08 5.03 2.63 0.36 0.34 8.23   0.03 0.19   0.02   0.09 20.71 < 0.01 0.72 0.20 6.6E-03 2.0E-03 
4637-

DMR-B 42.89 0.32 4.78   0.09 4.19 3.05 0.41 0.36 11.34   0.04 0.12   0.02 < 0.08 29.31   0.03 1.08 0.24 1.1E-02 3.6E-03 
4637-

DMR-A 45.92 0.32 4.54   0.09 4.50 2.96 0.38 0.33 11.20   0.06 0.10   0.02 < 0.08 28.67   0.01 0.96 0.24 1.2E-02 1.8E-03 
4726-

DMR-B 36.56 0.32 5.95   0.07 4.57 4.06 0.59 0.52 17.05   0.03 0.18 < 0.01   0.09 31.77   0.02 1.11 0.07 4.3E-03 9.4E-04 
4726-

DMR-A 36.37 0.32 6.68   0.08 3.37 4.05 0.66 0.55 17.39   0.03 0.19 < 0.01   0.09 32.09   0.02 1.19 0.08 2.8E-03 1.1E-03 
4508-
HTF-B 25.23 0.32 7.23   0.08 1.92 3.60 0.48 0.37 13.29   0.04 0.18   0.03   1.70 29.20 < 0.01 1.09 0.13 9.8E-02 8.0E-03 
4508-
HTF-A 28.34 0.32 8.85   0.10 2.37 4.60 0.54 0.44 15.97   0.05 0.25   0.04   1.75 34.33   0.02 1.29 0.13 1.1E-01 1.7E-02 
4546-
HTF-B 21.92 0.32 7.15   0.08 1.63 3.63 0.43 0.35 11.82   0.03 0.18   0.03   1.34 30.59   0.01 1.12 0.09 9.7E-02 7.3E-03 
4546-
HTF-A 28.15 0.32 8.58   0.10 2.14 4.10 0.53 0.44 14.69   0.04 0.23   0.05   1.70 38.72   0.02 1.39 0.13 1.1E-01 2.1E-02 
4649-
HTF-B 19.46 0.32 8.90   0.06 0.87 2.90 0.44 0.32 9.42   0.02 0.14   0.04   1.34 28.88   0.03 1.02 0.07 9.9E-02 3.8E-03 
4649-
HTF-A 27.12 0.32 12.01   0.08 1.17 4.01 0.57 0.41 12.81   0.04 0.18   0.06   1.70 39.68   0.04 1.31 0.10 1.4E-01 1.0E-02 
4728-
HTF-B 19.56 0.32 7.88 < 0.01 1.00 4.50 0.49 0.42 15.30 < 0.01 0.16   0.03   1.90 28.24 < 0.01 1.02 0.03 4.8E-03 1.5E-04 
4728-
HTF-A 24.00 0.32 9.97 < 0.01 1.15 5.66 0.57 0.49 18.53 < 0.01 0.20   0.02   2.25 34.76   0.02 1.18 0.04 6.6E-03 3.1E-04 

* Note B2O3 values are ‘less than’ values; boron was added to SBW simulant at ~ 0.2 g/L 
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Table 4-2.  Oxide Composition – Wt% - continued 

Sample ID    HgO*   F   NaCl   NO2   NO3 Carbon 
Sum 
wt% 

Redox 
Fe2+/Fe total 

4504-DMR-B < 0.005 < 0.1 < 0.16    1 < 0.1 0.98 96.33 0.41 

4504-DMR-A < NA < 0.1 < 0.16  < 0.1 < 0.1 0 97.79 NA 

4531-DMR-B < 0.005 < 0.1 < 0.16  < 0.1 < 0.1 0.31 98.50 0.27 

4531-DMR-A < NA < 0.1 < 0.16    1.16 < 0.1 0 99.83 NA 

4637-DMR-B < 0.005 < 0.1 < 0.16    0.978 < 0.1 0.8 100.76 0.44 

4637-DMR-A < NA < 0.1 < 0.16    1.12 < 0.1 0 102.12 NA 

4726-DMR-B < 0.005 < 0.1 < 0.16  < 0.1 < 0.1 0.4 104.12 0.29 

4726-DMR-A < NA < 0.1 < 0.16    1.15 < 0.1 0 104.98 NA 

4508-HTF-B < 0.005 < 0.1   0.59    1.99 < 0.1 13.15 101.21 1.00** 

4508-HTF-A < NA < 0.1   0.81    1.09 < 0.1 0 101.90 NA 

4546-HTF-B < 0.005 < 0.1   0.47    1.62 < 0.1 20.87 104.25 1.00** 

4546-HTF-A < NA < 0.1   0.90    1.07 < 0.1 0 103.93 NA 

4649-HTF-B < 0.005 < 0.1   0.45    1.91 < 0.1 26.47 103.65 1.00** 

4649-HTF-A < NA < 0.1   0.89    1.27 < 0.1 0 104.42 NA 

4728-HTF-B < 0.005 < 0.1   0.91    2.52 < 0.1 19.49 104.29 1.00** 

4728-HTF-A < NA < 0.1   1.43    1.25 < 0.1 0 102.37 NA 

 
* Note NA – Hg analysis not performed on after-ashed samples. 
** Essentially all iron in the reduced +2 state for the HTF samples. 
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4.2 CRYSTALLINE PHASES 
 
In Table 4-3 the various crystalline phases observed in the coarse-sieved DMR and unsieved 
HTF samples are summarized.  The individual XRD spectrums for each powder sample are 
collected in an Appendix A to this report.  The DMR 4504 sample appears to have major 
crystalline species corundum attributed to the alumina starting bed and alumina added during 
processing for particle size control.  The DMR 4531 sample appears to also show major 
corundum, some nepheline and minor phase of quartz (SiO2).  The last two DMR samples appear 
to be mostly nepheline and sodium aluminum silicate, with only minor phases of corundum and 
quartz.  These XRD spectra and crystalline identification are in agreement with the progression 
of DMR samples shown previously in the ternary diagram, i.e., progressive ‘turnover’ of the 
starting alumina (corundum phase) bed in going from DMR-4504 through final DMR-4726.  All 
HTF samples are similar with major nepheline and sodium aluminum silicate phases with minor 
conundrum and quartz phases present.  Solid mineral phases produced from using clay as co-
reactant in the FBSR are sodium aluminosilicates (NAS) comprised of nepheline group crystals 
and sodalite group crystals including nosean [Pareizs et al., 2005].  These DMR and HTF 
samples appear to have mainly the nepheline and sodium aluminum silicate crystals.  If the 
sodalite/nosean crystals are present, they are likely below the nominal ~ 1-2 vol% crystalline 
content of the powder-XRD method used in this work. 
 
 

Table 4-3.  XRD Crystalline Phases 
DMR 
4504 

(Major) 
Nepheline – 
NaAlSiO4 

(Major) 
Diaoyudaoite – 
NaAl11O17 

(Major) 
Corundum – 
Al2O3 

 -  - 

DMR 
4531 

(Major) 
Nepheline – 
NaAlSiO4 

(Major) 
Diaoyudaoite – 
NaAl11O17 

(Major) 
Corundum – 
Al2O3 

(Minor) Quartz 
– SiO2 

 - 

DMR 
4637 

(Major) 
Nepheline – 
NaAlSiO4 

 - (Minor) 
Corundum – 
Al2O3 

Quartz – SiO2 (Major)  Sodium 
Aluminum Silicate – 
Na1.75Al1.75Si0.25O4 

DMR 
4726 

(Major) 
Nepheline – 
NaAlSiO4 

 - (Minor) 
Corundum – 
Al2O3 

(Minor) Quartz 
– SiO2 

(Major)  Sodium 
Aluminum Silicate – 
Na1.75Al1.75Si0.25O4 

HTF 
4508 

(Major) 
Nepheline – 
NaAlSiO4 

 - (Minor) 
Corundum – 
Al2O3 

(Minor) Quartz 
– SiO2 

(Major)  Sodium 
Aluminum Silicate – 
Na1.75Al1.75Si0.25O4 

HTF 
4546 

(Major) 
Nepheline – 
NaAlSiO4 

 - (Minor) 
Corundum – 
Al2O3 

(Minor) Quartz 
– SiO2 

(Major)  Sodium 
Aluminum Silicate – 
Na1.75Al1.75Si0.25O4 

HTF 
4649 

(Major) 
Nepheline – 
NaAlSiO4 

 - (Minor) 
Corundum – 
Al2O3 

(Minor) Quartz 
– SiO2 

(Major)  Sodium 
Aluminum Silicate – 
Na1.75Al1.75Si0.25O4 

HTF 
4728 

(Major) 
Nepheline – 
NaAlSiO4 

 - (Minor) 
Corundum – 
Al2O3 

(Minor) Quartz 
– SiO2 

(Major)  Sodium 
Aluminum Silicate – 
Na1.75Al1.75Si0.25O4 
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4.3 DURABILITY TESTING 
 
Table 4-4 shows the results of surface area to volume ratios calculated from either measured 
BET surface area or from particle size measurements and density.  The HTF samples that were 
sieved through 200 mesh sieves all showed average particle diameters in the range of  
7 – 13 microns.  Similar measurements on the DMR samples sieved through 100-200 mesh 
sieves measured average particle diameters similar to those of glass put through similar sieves, in 
the range of 106 – 115 microns.  The BET surface areas are all greater than corresponding 
geometric surface areas.  The ratio of the BET surface area to geometric surface area is 
calculated as the ‘surface roughness’ shown in the last column of Table 4-4.  The BET surface 
areas for the HTF samples are 15 to 36 times larger than the geometric surface areas.  The BET 
surface areas for the DMR samples are 135 to 246 times larger than the geometric surface areas.     
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Table 4-4.  BET and Geometric Surface Area Data 

  

Sample 
Mass 

(g) 

Leachant 
Volume 

(mL) 

BET  
surface 

area 
(m2/g) 

SA/V 
(m-1)   

Particle 
Diameter 
microns 

Particle 
Density 
g/mL 

Geometric 
surface area 

(m2/g) 
SA/V 
(m-1) 

Surface 
Roughness 

SABET/SAgeo  

HTF4508-1 P76 1.508 15.03 4.526 454116   7.182 2.794 0.2990 29997 15 

HTF4508-2 P81 1.498 15.001 4.526 451976   7.182 2.794 0.2990 29855 15 

HTF4508-3 P83 1.504 15.072 4.526 451649   7.182 2.794 0.2990 29834 15 

 Avg       452580         29895   

 Stdev       1340         88   

HTF4546-1 P86 1.5 15.018 5.625 561836   13.87 2.748 0.1574 15723 36 

HTF4546-2 P92 1.5 14.995 5.625 562698   13.87 2.748 0.1574 15747 36 

HTF4546-3 P93 1.498 15.05 5.625 559894   13.87 2.748 0.1574 15669 36 

 Avg       561476         15713   

 Stdev       1436         40   

HTF4649-1 P97 1.507 15.091 6.413 640378   11.74 2.599 0.1966 19635 33 

HTF4649-2 P98 1.504 15.004 6.413 642809   11.74 2.599 0.1966 19710 33 

HTF4649-3 P99 1.499 15.008 6.413 640501   11.74 2.599 0.1966 19639 33 

 Avg       641229         19661   

 Stdev       1369         42   

HTF4728-1 P100 1.501 15.084 5.1939 516842   12.2 2.646 0.1858 18493 28 

HTF4728-2 P100 1.604 15.038 5.1939 553998   12.2 2.646 0.1858 19822 28 

HTF4728-3 P100 1.501 15.003 5.1939 519632   12.2 2.646 0.1858 18593 28 

 Avg       530157         18969   

 Stdev       20693         740   

DMR4726-1 P103 1.5 15.029 2.82 281456   104.9 2.736 0.0209 2087 135 

DMR4726-2 P104 1.503 15.026 2.82 282075   104.9 2.736 0.0209 2091 135 

DMR4726-3 P110 1.505 15.013 2.82 282695   104.9 2.736 0.0209 2096 135 

 Avg       282075         2091   

 Stdev       620         5   

DMR4637-1 P112 1.504 15.06 4.279 427362   115.3 2.986 0.0174 1740 246 

DMR4637-2 P113 1.503 15.12 4.279 425383   115.3 2.986 0.0174 1732 246 

DMR4637-3 P114 1.502 15.042 4.279 427304   115.3 2.986 0.0174 1740 246 

 Avg       426683         1737   

 Stdev       1126         5   

DMR4531-1 P121 1.503 15.032 3.492 349184   112.4 3.155 0.0169 1692 206 

DMR4531-2 P122 1.5 15.044 3.492 348209   112.4 3.155 0.0169 1687 206 

DMR4531-3 P170 1.5 15.046 3.492 348162   112.4 3.155 0.0169 1687 206 

 Avg       348518         1688   

 Stdev       577         3   

DMR4504-1 P171 1.501 15.036 2.515 251095   106.5 3.204 0.0176 1755 143 

DMR4504-2 P172 1.503 15.029 2.515 251547   106.5 3.204 0.0176 1759 143 

DMR4504-3 P178 1.498 15.012 2.515 250994   106.5 3.204 0.0176 1755 143 

 Avg       251212         1756   

 Stdev       294         2   
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All DMR and HTF samples were durability tested in triplicate per the PCT procedure.  Glass 
standards were used to ensure test control as required by the PCT procedure.  The standard 
glasses agreed with previous round robin testing of the glasses for the ARM-1 glass [Jantzen et 
al., 1995], the EA glass [Jantzen et al., 1993], and the LRM glass [Ebert and Wolf, 2000].  Table 
4-5 shows pH and concentration results for the standard glasses and Table 4-6 shows the results 
on a normalized concentration basis. 
 
 

Table 4-5.  PCT Leachate Standards and Blanks (ppm) 

Sample ID pH   Al   B   Li   Na   Si 

Blank 1 7.05 < 0.11 < 0.11 < 1.10 < 0.11   0.16 

Blank 2 6.28 < 0.11 < 0.11 < 1.10 < 0.11   0.18 

ARM 1 -P64 10.38   4.40   18.9   15.9   42.3   68.4 

ARM 2 - P65 10.35   4.20   18.9   16.0   42.2   69.9 

ARM 3 - P67 10.36   4.15   17.1   15.3   42.4   66.5 

Average 10.36   4.25           42.31   68.27 

St.Dev. 0.02   0.13           0.07   1.72 

Avg.(St.dev.) * 10.17(0.29)   4.85(0.5)           36.22(2.45)   61.23(4.07) 

*See Jantzen et al., 1995  

EA-1 P68 11.71 < 2.0   492.0   161.6   1384.9   793.7 

EA-2 P69 11.77 < 2.0   493.6   164.3   1428.5   794.5 

EA-3 P70 11.75 < 2.0   493.4   159.2   1364.8   787.9 

Average 11.74       493.0   161.7   1392.7   792.0 

St.Dev. 0.03       0.9   2.6   32.6   3.6 

Avg.(St.dev.) ** 11.85(0.1)       587(43)   190(14.5)   1662(112)   893(86) 

**See Jantzen et al., 1993 

LRM-1 P71 10.96   14.1   25.7 < 2.8   161.2   83.7 

LRM-2 P72 10.93   13.2   23.4 < 2.8   158.7   76.2 

LRM-3 P74 11.05   14.7   22.7 < 2.8   152.8   106.1 

Average 10.98   13.98   23.93       157.58   88.65 

St.Dev. 0.06   0.74   1.57       4.34   15.60 

Avg.(St.dev.) *** 10.92(0.092)   14.3(2.61)   26.7(1.83)       160(11.5)   82(3.53) 

***See Ebert and Wolf, 2000 
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Table 4-6.  PCT Leachate Standards and Blanks (g/L) 

Sample ID   Al   B   Li   Na   Si 

ARM 1 -P64   0.149   NA   NA   0.590   0.315 

ARM 2 - P65   0.142   NA   NA   0.589   0.322 

ARM 3 - P67   0.141   NA   NA   0.591   0.306 

Average   0.144   NA   NA   0.590   0.314 

St.Dev.   0.004   NA   NA   0.001   0.008 

Avg.(St.dev.)*   0.155(0.0172)   NA   NA   0.505(0.0539)   0.282(0.03) 

*See Jantzen et al., 1995 

EA-1 P68   NA   14.10   8.21   11.08   3.48 

EA-2 P69   NA   14.14   8.35   11.43   3.49 

EA-3 P70   NA   14.14   8.09   10.92   3.46 

Average   NA   14.13   8.22   11.14   3.48 

St.Dev.   NA   0.02   0.13   0.26   0.02 

Avg.(St.dev.)**   NA   16.695(1.222)   9.565(0.735)   13.346(0.902)   3.922(0.376) 

**See Jantzen et al., 1993 

LRM-1 P71   0.28   1.05   NA   1.08   0.330 

LRM-2 P72   0.26   0.96   NA   1.07   0.301 

LRM-3 P74   0.29   0.93   NA   1.03   0.419 

Average   0.28   0.98   NA   1.06   0.35 

St.Dev.   0.01   0.06   NA   0.03   0.06 

Avg. ***   0.28   1.10   NA   1.08   0.32 

St.Dev. ***   0.05   0.08   NA   0.08   0.01 

***See Ebert and Wolf, 2000 

NA = not applicable; the measured normalized concentrations values not shown – reference 
values are not available for comparison 

 
 
Triplicate PCT leachate concentration and pH data for the DMR and HTF samples are shown in 
Table 4-7.  All pH values for the DMR and HTF sample leachates were in the range of 12 to 
12.7.  This pH range is slightly higher than the reported average from the EA glass of  
~ 11.8.  The leachate concentration data shown in Table 4-7 were normalized using the elemental 
compositions shown previously in Table 4-1 and the BET surface area shown in Table 4-4, via 
Equations 1, 2 and 4.  The normalized release data (NLi) are shown in Table 4-8.  All of the 
normalized releases for the DMR and HTF samples were less than 1 g/m2.  Because the 
elemental concentration for S in sample DMR-4637 was below detection, the NL(S) values in 
Table 4-8 are shown as ‘>’ values.  
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Table 4-7.   PCT Leachate Concentrations (ppm) 

Sample ID pH Al K Na S Si Cs Re 

HTF4508-1 P76 12.81 1971.3 574.7 5479.5 958.9 15.4 10.5 30.2 

HTF4508-2 P81 12.65 2089.7 573.0 5426.6 1011.2 16.2 11.0 29.6 

HTF4508-3 P83 12.79 1916.5 574.9 5413.2 961.6 15.9 10.7 29.6 

 Avg. 12.75 1992.5 574.2 5439.8 977.2 15.8 10.7 29.8 

 St. Dev. 0.09 88.6 1.1 35.0 29.4 0.4 0.3 0.4 

HTF4546-1 P86 12.37 2232.0 480.1 4087.7 798.1 22.0 19.8 25.5 

HTF4546-2 P92 12.38 2173.6 478.4 3916.4 797.3 19.3 20.7 25.5 

HTF4546-3 P93 12.39 2090.9 456.0 3781.4 831.4 18.9 21.4 25.4 

 Avg. 12.38 2165.5 471.5 3928.5 808.9 20.1 20.6 25.5 

 St. Dev. 0.01 70.9 13.5 153.5 19.4 1.7 0.8 0.0 

HTF4649-1 P97 12.12 945.2 266.6 2224.1 581.0 7.6 19.8 22.0 

HTF4649-2 P98 12.14 926.4 264.9 2210.6 565.8 7.9 20.0 22.1 

HTF4649-3 P99 12.15 929.7 258.4 2192.3 546.7 5.9 20.3 22.3 

 Avg. 12.14 933.8 263.3 2209.0 564.5 7.1 20.0 22.1 

 St. Dev. 0.02 10.1 4.4 15.9 17.2 1.1 0.3 0.2 

HTF4728-1 P100 12.50 1586.0 895.6 5850.5 1178.4 13.8 0.4 1.3 

HTF4728-2 P100 12.88 1624.0 870.4 5784.0 1190.2 13.3 1.6 1.4 

HTF4728-3 P100 12.61 1579.5 829.8 5781.3 1286.3 12.7 0.5 1.4 

 Avg. 12.66 1596.5 865.3 5805.2 1218.3 13.2 0.8 1.4 

 St. Dev. 0.20 24.0 33.2 39.2 59.2 0.6 0.7 0.0 

DMR4726-1 P103 12.40 2611.9 79.7 3417.8 25.3 62.5 0.1 0.2 

DMR4726-2 P104 12.58 2546.5 79.2 3376.9 29.1 63.4 0.1 0.2 

DMR4726-3 P110 12.57 2595.1 78.2 3449.1 27.5 62.3 0.1 0.2 

 Avg. 12.52 2584.5 79.0 3414.6 27.3 62.7 0.1 0.2 

 St. Dev. 0.10 34.0 0.8 36.2 1.9 0.6 0.0 0.0 

DMR4637-1 P112 12.01 649.4 20.3 930.9 9.8 43.5 1.4 0.8 

DMR4637-2 P113 12.08 651.9 19.7 927.8 9.6 43.5 1.3 0.8 

DMR4637-3 P114 12.09 650.2 20.1 971.1 10.7 44.9 1.3 0.8 

 Avg. 12.06 650.5 20.0 943.2 10.0 44.0 1.3 0.8 

 St. Dev. 0.04 1.3 0.3 24.2 0.6 0.8 0.0 0.0 

DMR4531-1 P121 12.08 908.5 31.8 1237.3 26.8 46.0 0.8 0.7 

DMR4531-2 P122 12.06 914.8 33.2 1202.1 27.1 45.2 0.8 0.7 

DMR4531-3 P170 12.15 920.3 32.5 1231.7 25.0 44.5 0.8 0.7 

 Avg. 12.10 914.5 32.5 1223.7 26.3 45.2 0.8 0.7 

 St. Dev. 0.05 5.9 0.7 19.0 1.1 0.7 0.0 0.0 

DMR4504-1 P171 12.27 1292.7 45.2 1820.4 38.0 56.4 1.0 0.5 

DMR4504-2 P172 12.32 1314.5 44.0 1913.2 34.5 52.6 0.9 0.6 

DMR4504-3 P178 12.25 1311.3 44.0 1823.6 33.7 52.1 0.9 0.5 

 Avg. 12.28 1306.2 44.4 1852.4 35.4 53.7 1.0 0.5 

 St. Dev. 0.04 11.8 0.7 52.7 2.3 2.4 0.1 0.0 
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Table 4-8.  Normalized PCT Leachate Release (g/m2) Using BET Surface Area 

Sample ID   Al   K   Na   S   Si Cs Re 

HTF4508-1 P76   2.89E-02   3.31E-02   1.02E-01   3.02E-01   2.11E-04 2.14E-02 4.59E-01 

HTF4508-2 P81   3.08E-02   3.32E-02   1.01E-01   3.20E-01   2.23E-04 2.25E-02 4.52E-01 

HTF4508-3 P83   2.83E-02   3.33E-02   1.01E-01   3.05E-01   2.20E-04 2.20E-02 4.54E-01 

Avg.   2.94E-02   3.32E-02   1.01E-01   3.09E-01   2.18E-04 2.20E-02 4.55E-01 

St.Dev   1.32E-03   1.01E-04   3.54E-04   9.73E-03   6.50E-06 5.66E-04 3.71E-03 

HTF4546-1 P86   2.67E-02   2.51E-02   6.67E-02   2.08E-01   2.16E-04 3.38E-02 2.48E-01 

HTF4546-2 P92   2.59E-02   2.50E-02   6.39E-02   2.08E-01   1.90E-04 3.55E-02 2.48E-01 

HTF4546-3 P93   2.51E-02   2.39E-02   6.20E-02   2.18E-01   1.87E-04 3.68E-02 2.48E-01 

Avg.   2.59E-02   2.47E-02   6.42E-02   2.11E-01   1.97E-04 3.53E-02 2.48E-01 

St.Dev   8.00E-04   6.47E-04   2.41E-03   5.60E-03   1.61E-05 1.48E-03 2.84E-04 

HTF4649-1 P97   1.03E-02   1.25E-02   3.66E-02   1.33E-01   6.39E-05 2.38E-02 3.92E-01 

HTF4649-2 P98   1.00E-02   1.24E-02   3.62E-02   1.29E-01   6.65E-05 2.39E-02 3.93E-01 

HTF4649-3 P99   1.01E-02   1.21E-02   3.60E-02   1.25E-01   4.93E-05 2.44E-02 3.97E-01 

Avg.   1.01E-02   1.23E-02   3.63E-02   1.29E-01   5.99E-05 2.40E-02 3.94E-01 

St.Dev   1.25E-04   1.99E-04   2.70E-04   3.94E-03   9.29E-06 3.15E-04 2.89E-03 

HTF4728-1 P100   2.42E-02   3.69E-02   8.23E-02   2.53E-01   1.64E-04 1.25E-02 9.61E-01 

HTF4728-2 P100   2.31E-02   3.34E-02   7.59E-02   2.38E-01   1.48E-04 4.62E-02 9.19E-01 

HTF4728-3 P100   2.39E-02   3.40E-02   8.09E-02   2.75E-01   1.50E-04 1.50E-02 9.94E-01 

Avg.   2.37E-02   3.48E-02   7.97E-02   2.55E-01   1.54E-04 2.46E-02 9.58E-01 

St.Dev   5.70E-04   1.85E-03   3.36E-03   1.83E-02   8.88E-06 1.87E-02 3.73E-02 

DMR4726-1 P103   4.82E-02   8.42E-03   9.41E-02   2.47E-01   1.48E-03 1.83E-02 6.80E-02 

DMR4726-2 P104   4.69E-02   8.34E-03   9.28E-02   2.83E-01   1.50E-03 1.93E-02 6.58E-02 

DMR4726-3 P110   4.77E-02   8.22E-03   9.46E-02   2.68E-01   1.47E-03 1.45E-02 6.87E-02 

Avg.   4.76E-02   8.33E-03   9.38E-02   2.66E-01   1.48E-03 1.74E-02 6.75E-02 

St.Dev   6.60E-04   1.03E-04   9.24E-04   1.81E-02   1.45E-05 2.52E-03 1.50E-03 

DMR4637-1 P112   6.25E-03   1.93E-03   2.62E-02 > 6.88E-02   7.59E-04 2.90E-02 1.27E-01 

DMR4637-2 P113   6.31E-03   1.88E-03   2.62E-02 > 6.73E-02   7.62E-04 2.90E-02 1.26E-01 

DMR4637-3 P114   6.26E-03   1.92E-03   2.73E-02 > 7.51E-02   7.85E-04 2.90E-02 1.27E-01 

Avg.   6.27E-03   1.91E-03   2.66E-02 > 7.04E-02   7.69E-04 2.90E-02 1.27E-01 

St.Dev   2.89E-05   2.35E-05   6.47E-04   4.16E-03   1.38E-05 3.88E-05 6.60E-04 

DMR4531-1 P121   9.02E-03   4.16E-03   5.80E-02   2.11E-01   1.36E-03 3.66E-02 1.16E-01 

DMR4531-2 P122   9.11E-03   4.36E-03   5.65E-02   2.14E-01   1.34E-03 3.82E-02 1.15E-01 

DMR4531-3 P170   9.16E-03   4.28E-03   5.79E-02   1.97E-01   1.32E-03 3.68E-02 1.18E-01 

Avg.   9.10E-03   4.27E-03   5.75E-02   2.07E-01   1.34E-03 3.72E-02 1.16E-01 

St.Dev   7.27E-05   9.94E-05   8.38E-04   8.93E-03   2.02E-05 8.50E-04 1.90E-03 

DMR4504-1 P171   1.53E-02   1.28E-02   1.40E-01   3.94E-01   3.16E-03 6.60E-02 1.47E-01 

DMR4504-2 P172   1.55E-02   1.24E-02   1.47E-01   3.58E-01   2.94E-03 6.06E-02 1.53E-01 

DMR4504-3 P178   1.55E-02   1.24E-02   1.41E-01   3.50E-01   2.92E-03 5.98E-02 1.50E-01 

Avg.   1.54E-02   1.25E-02   1.43E-01   3.67E-01   3.01E-03 6.21E-02 1.50E-01 

St.Dev   1.32E-04   2.07E-04   3.90E-03   2.36E-02   1.33E-04 3.38E-03 3.34E-03 
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4.3.1 Comparison of Normalized Release to High-Level Waste 
 
Normalized sodium and silicon release values for the DMR and HTF samples are shown in 
comparison to those of the High Level Waste (HLW) reference EA glass in Figure 4-1 and 
Figure 4-2.  The EA glass normalized release values are calculated from the data shown 
previously in Table 4-6 and using Equations 1, 2 and 3.  Normalized release EA data are shown 
as the average and as the average minus two standard deviations.  Comparison of a given HLW 
waste form normalized release vs. the EA values minus two standard deviations is one method 
suggested by the Waste Acceptance Product Specifications (WAPS) for showing adequate waste 
form durability [WAPS 2003].  Figure 4-1 and Figure 4-2 clearly show that the normalized 
releases for Na and Si from the FBSR products are orders of magnitude lower than the 
corresponding average EA normalized release values. 
 

4.3.2 Comparison of Normalized Release to Low Activity Waste 
 
Normalized releases for Na and Si and from other elements in the DMR and HTF samples are 
also compared to the normalized release rate from the Low Activity Waste (LAW) target LRM 
glass (plotted on both a BET surface area and a geometric surface area basis) in  
Figure 4-3 and Figure 4-4.  The Hanford River Protection Project (RPP) contract specification 
[WTP Contract 2007] of 2 g/m2 is also plotted in the figure.  Figure 4-3 and Figure 4-4 show that 
the normalized release for the major FBSR product elements (Al, Na, and Si), as well as the 
minor elements (K, S, Cs and Re) are all less than half of the 2 g/m2 limit.  Careful comparison 
of the various normalized release elements (Al, Na, Si, K, S, Cs and Re) for the DMR and HTF 
samples indicates that NL(S) and NL(Re) appear to be highest.  The NL(Re) values for the HTF 
samples shown in Figure 4-4 also appear higher than the corresponding NL(Re) values for the 
DMR samples.  The oxide forms of both S and Re are known to be REDOX-dependent.  For 
instance sulfur can exist in an oxidized state as Na2SO4 or in a reduced state of Na2S.  Similarly, 
Re can be in the +7 state as Re2O7 or NaReO4 or in a more reduced state of Re2O.  A possible 
explanation for the higher NL(Re) values for the HTF samples (very reduced REDOX values 
from Table 4-2) vs. the NL(Re) values for the DMR samples (more oxidized REDOX values 
from Table 4-2) is that the more oxidized form of NaReO4 can be incorporated into the cage-like 
structure of the product minerals but ReO2 cannot.  The durability of these S/Re oxide forms and 
their incorporation into various mineral phases has been previously considered and discussed by 
Lorier et al., 2005, in durability testing that used single-pass flowthrough (SPFT) testing. 
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Figure 4-1.  Normalized Release for DMR vs. EA Glass 
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Figure 4-2.  Normalized Release for HTF vs. EA Glass 
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Figure 4-3.  Normalized Release for DMR vs. LRM Glass and Hanford Contract LAW 
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Figure 4-4.  Normalized Release for HTF vs. LRM Glass and Hanford Contract LAW 
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4.3.3 Comparison of 2007 FBSR Product Durability Testing to Previous Work 
 
Previous durability testing of FBSR products compared data sets from various FBSR campaign 
SBW simulants and LAW simulants (see Table 4-1 of Pareizs et al., 2005).  It is therefore 
instructive to also compare our recent 2007 PCT results from the Hazen 2006 SBW to previous 
testing.  Figures 4-5 and 4-6 show the recent DMR and HTF PCT results for NL(Na) vs. NL(Al) 
and NL(Cs) vs. NL(Al) overlaid onto the previous comparison plots from Pareizs et al., 2005).  
The solid line in these figures represents the best fit of the Pareizs et al. data and the dotted lines 
indicate the 95% confidence interval.  Figure 4-5 indicates that all current DMR and HTF values 
(except for the early processing DMR 4504 and DMR 4531 points) fall within the previous fit of 
0.76 slope.  These 2 DMR samples not fitting the correlation contained the highest fraction of the 
startup bed and the beta-alumina phase (NaAl11O17) shown previously in Table 4-3.  Similar 
conclusions are drawn from the NL(Cs) vs. the NL(Al).  Current DMR and HTF values are in 
good agreement with the correlation that shows a 1.09 slope, except for the single DMR 4726 
sample. 
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Figure 4-5.  Linearity of Alkali (NL(Na)) and Alumina Released to Solution. 
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Figure 4-6.  Linearity of Alkali (NL(Cs)) and Alumina Released to Solution. 

 
 
Previous PCT testing indicated that Re, S and Si released to the PCT leachate is a strong function 
of the leachate final pH as controlled by the aluminosilicate reaction mechanisms discussed in 
Section 5.3.1 of Pareizs et al., 2005.  The plots of Figure 5-11 from Pareizs et al., 2005 have been 
reproduced here with the recent 2007 PCT data as shown in Figure 4-7.  The PCT response for 
Re vs. pH for the 2007 samples shows that the HTF samples do not correlate well with previous 
testing and that the DMR samples are only slightly better.  Similar comparisons for 2007 PCT 
data for S vs. pH indicate excellent correlation with previous testing.  The Si values from current 
2007 testing show good correlation for the DMR samples, but the HTF samples are outside the 
95% confidence interval of the previous correlation. 
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Figure 4-7.  Release of Re, S, and Si to the PCT Leachates as a Function of the pH of the 

Final Leachate. 

 
 
Previous correlations of Re, S and Si that showed strong correlation to pH also showed 
correlation to each other as in Figure 5-12 of Pareizs et al, 2005.  Those plots are presented 
below in Figure 4-8 for comparison.  In all cases, the current 2007 NL(i) values for all HTF 
samples (Re vs. S, Re vs. Si, and S vs. Si) correlate higher than previous comparisons.  The 
current 2007 NL(i) values for the DMR samples are all closer to the previous correlations, with 
the S vs. Si DMR correlation falling within the 95% confidence interval of previous testing.  
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Figure 4-8.  Relation of Re to S, Re to Si, and S to Si in the PCT Leachates of the FBSR 

Products Tested   
 
 
4.4 TOXICITY CHARACTERISTIC LEACHING PROCEDURE 
 
TCLP results for the DMR and HTF samples are presented in Table 4-9.  The samples submitted 
for TCLP were as-received and were not sized or sieved or ashed to remove carbon.  The 
samples met the criteria for the EPA RCRA Universal Treatment Standards for all of the 
constituents in the simulants.  The TCLP analyses were performed for all eight RCRA metals 
and the additional UTS metals Ni and Zn.  However, only Cr, Pb and Hg RCRA metals were 
present in the SBW simulants.  A complete Analytical Report for the TCLP tests and analyses is 
presented in Appendix B to this report. 
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Table 4-9.  Toxicity Characteristic Leaching Procedure (TCLP) Results 

Element DMR4504 DMR4531 DMR4637 DMR4726 HTF4508 HTF4546 HTF4649 HTF4728 
Reporting 

Limit 

Method 
Detection 

Limit 

Characteristic 
RCRA Limits 

* UTS ** 

  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

As 0 U 0 U 0.011 J 0.014 J 0 U 0 U 0 U 0 U 1 0.0086 5 5 

Ba 0.23 J 0.2 J 0.29 J 0.27 J 0.29 J 0.19 J 0.34 J 0.26 J 1 0.0016 100 21 

Cd 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 1 0.0022 1 0.11 

Cr 0.19 J 0.15 J 0.44 J 0.055 J 0.11 J 0.016 J 0.012 J 0 U 1 0.004 5 0.6 

Pb 0.12 J 0.074 J 0.2 J 0.024 J 0.02 J 0.011 J 0.013 J 0.016 J 1 0.006 5 0.75 

Se 0.13 JB 0.13 JB 0.12 JB 0.1 JB 0.13 JB 0.12 JB 0.11 JB 0.14 JB 1 0.023 1 5.7 

Ag 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 1 0.0038 5 0.14 

Hg 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0.02 0.00086 0.2 0.025 

Ni 0.37 J 0.34 J 0.37 J 0.046 J 0.0044 J 0.01 J 0.005 J 0 U 20 0.0016  - 11 

Zn 0.4 J 0.57 J 0.76 J 0.1 JB 0.018 JB 0.017 JB 0.019 JB 0 U 40 0.012  - 4.3 

*40 CFR 261.24 – “Toxicity Characteristic’ 
**40 CFR 268.48 – “Universal Treatment Standards (UTS)” 
U = results less than MDL, or “U” flag 
J = results below Reporting Limit but above the MDL, or “J” flag 
JB = results below Reporting Limit but above the MDL, and detectable amounts in blank (Se = 0.078 mg/L and Zn = 0.024 mg/L), 
or “JB” flag 

 



WSRC-STI-2007-00319, REV. 0 

 - 30 - 

 
5.0 QUALITY ASSURANCE 

 
This work was completed in accordance with WSRC and SRNL quality assurance 
requirements.  The waste form characterization and testing was conducted in accordance with 
DOE/RW-0214, DOE/RW-0333P, and ASME NQA-1 based quality assurance programs.  
The data is recorded in the following notebook: WSRC-NB-2007-00096. 
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6.0 CONCLUSIONS 

 
The FBSR process was performed on INTEC simulated SBW in a recent pilot-scale 
demonstration that produced representative DMR and HTF samples.  These powdered 
samples were analyzed and leach tested in this task.  The following conclusions can be drawn 
from the testing. 
 

• Elemental compositional analysis of the DMR and HTF samples indicates that they 
contain primarily Al, Si and Na, with > 1wt% of Ca, Fe and K also present.  No 
detectable mercury was observed.  The DMR samples all contained less than 1% 
carbon.  The HTF samples containing carbon in the range of 13-26 wt% had 
detectable nitrite anion levels and their REDOX values show that they were 
completely reduced with Fe2+/Fetotal ratios of one. 

 
• Crystalline phases observed in the coarse-sieved DMR samples support increasing 

alumina bed turnover in the FBSR processing, with the final two DMR samples 
comprised mostly of nepheline group mineral phases.  All of the HTF samples 
contained nepheline. 

 
•  PCT durability testing of the DMR and HTF samples along with appropriate HLW 

and LAW reference or benchmark glasses shows that the FBSR products are orders of 
magnitude more durable than the HLW EA glass, and at least 2X more durable than 
the current Hanford RPP WTP limit for LAW product disposal. 

 
• REDOX results indicate that the HTF samples were overly reduced to form the 

desired Re host phase.  This likely influenced the durability of the Re and S oxide 
components in these samples, contributing to slightly higher normalized release when 
compared to other components in the HTF products. 

 
• The TCLP results performed on the FBSR samples by an independent off-site EPA-

certified laboratory indicate that these products meet the criteria for the EPA RCRA 
Universal Treatment Standards for all of the constituents (Cr, Pb and Hg) in the 
simulants.   
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APPENDIX A - XRD SPECTRA OF DMR AND HTF SAMPLES 
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00-035-0424> Nepheline - NaAlSiO4

00-021-1096> Diaoyudaoite - NaAl11O17
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Figure A- 1.  INL 4504 DMR (Sieved) 
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Figure A- 2.  INL 4531 DMR (Sieved) 
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Figure A- 3.  INL-4637-DMR (Sieved) 
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Figure A- 4.  INL-4726-DMR (Sieved) 
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Figure A- 5.  INL-4508-HTF (Not Sieved) 
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Figure A- 6.  INL-4546-HTF (Not Sieved) 
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Figure A- 7.  INL-4649-HTF (Not Sieved) 
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Figure A- 8.  INL-4728-HTF (Not Sieved) 
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APPENDIX B – ACCURA REPORT 
 
Analytical Report for: Washington Savannah River Co. 
Project Name: 07079 
Project ID: 07079 
Project Manager: Larry Dewitt (WSRC) 
Project Location: South Carolina 
 
Lab. Work Order #: 11733 
 
April 12, 2007 
 
ACCURA Analytical Laboratory, Inc. 
6017 Financial Drive, Norcross, GA 30071 
 
 
The entire report from ACCURA Analytical Laboratory, Inc. follows. 
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