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ABSTRACT 
 
Several supplemental technologies for treating and immobilizing Hanford low activity waste 
(LAW) are being evaluated. One such immobilization technology being considered is the 
Fluidized Bed Steam Reforming (FBSR) product, which is granular and will be monolithed into a 
final waste form. The granular component is composed of insoluble sodium aluminosilicate 
(NAS) feldspathoid minerals. Production of the FBSR mineral product has been demonstrated 
at the industrial, engineering, and laboratory scales. Single-Pass Flow-Through (SPFT) tests at 
various flow rates have been conducted with the granular products fabricated using the 
engineering- and laboratory-scale methods. Results show that the forward dissolution rate for 
the engineering-scale mineral product is 0.6 (±0.2)×10-3 g/m2d while the forward dissolution rate 
for the laboratory-scale mineral product is 1.3 (±0.5)×10-3 g/m2d. 
 
INTRODUCTION 
 
The U.S. DOE Office of River Protection (ORP), through its contractors, is constructing the 
Hanford Site Tank Waste Treatment and Immobilization Plant (WTP) to convert radioactive and 
hazardous wastes stored in Hanford’s 177 underground storage tanks into stable glass waste 
forms for disposal. Within the WTP, the pretreatment facility will receive waste from the tank 
farms and separate it into high-level waste (HLW) and low-level waste (LLW) process streams, 
which will be sent to their respective facilities for vitrification. Presently, the projected throughput 
capacity at the WTP LAW Vitrification Facility is insufficient to treat a portion of the LLW stream. 
This lack of capacity would extend the River Protection Project (RPP) mission 40 years beyond 
December 31, 2047, the Tri-Party Agreement milestone date for completing all tank waste 
treatment. To resolve the issue of throughput capacity and to accelerate the mission at the WTP 
LAW Vitrification Facility several supplemental waste forms are being considered. One of the 
potential treatment options is the Fluidized Bed Steam Reforming (FBSR) sodium 
aluminosilicate mineral product. 
 
Currently the Thermal Organic Reduction (THOR ®) steam reforming technology has 
demonstrated the ability to convert liquid low-level radioactive waste (LLRW) streams into the 
FBSR mineral product [1]. The THOR ® FBSR process creates a mineral waste form by 
mineralizing the waste in a fluidized bed created with the addition of superheated steam at near-
ambient pressure. During mineralization, organic matter is converted to carbon dioxide and 
steam while nitrates and nitrites are reduced to nitrogen. Non-volatile solids are converted to 
water-insoluble stable crystalline minerals composed mainly of feldspathoids that incorporate 
contaminants. Operational temperatures range from 625 to 750ºC which is attractive for the 
treatment of waste streams with species that are volatile at temperatures used to fabricate glass 
or ceramic waste forms (often 1000-1500°C) [2, 3]. 
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FBSR testing platforms using the THOR® technology have been constructed and used to 
demonstrate radioactive immobilization in simulant wastes at the bench-, pilot-, and 
engineering-scale. Currently, an FBSR facility is being designed and constructed at the Idaho 
National Laboratory (INL) for the treatment of sodium-bearing waste (SBW) to be sent for 
disposal at the Waste Isolation Pilot Plant (WIPP) in Carlsbad, New Mexico [4,5]. Other such 
facilities are being considered to treat Savannah River Site (SRS) salt supernate waste [6] and 
Hanford LAW [7,8].  
 
The FBSR Process 
 
A schematic representation of the dual reformer FBSR design is given in Figure 1 with the 
second reformer used to oxidize fuel, such as coal, to CO2. The dual reformer consists of the 
following primary subsystems [3]: a waste feed, the denitration and mineralization reformer 
(DMR), a high-temperature filter (HTF), a product receiver (PR), off-gas treatment (typically a 
second reformer known as the carbon reduction reformer (CRR) which handles organics), and 
system control and monitoring. Mineralization reactions occur in the DMR and the granular 
product is collected in the PR. Finer product solids are separated from the process outlet gases 
by the HTF. Some of these solids can be recycled back to the DMR as seed material, as 
demonstrated in Figure 1, or they can later be combined with other solids collected in the PR. 
Outlet gases are treated to meet specified emission limits. To help assess the suitability and 
effectiveness of the FBSR process for the treatment of Hanford LAW, a single-reformer 
laboratory system called the Bench-top Steam Reformer (BSR) has been developed at 
Savannah River National Laboratory (SRNL) [7].  
 
The primary granular product from the FBSR process is composed of insoluble sodium 
aluminosilicate (NAS) feldspathoid minerals. These minerals are composed primarily of sodalite, 
nosean, and nepheline which all have 1:1 Al:Si ratios and contain cage and ring structures that 
sequester Tc-99 and ions such as SO4, I, and F. Cs-137 replaces Na in nepheline. To produce 
the FBSR NAS granular product the only necessary ingredients are kaolin clay, the waste 
stream, steam, and a fuel source. The ingredients interact in the DMR steam environment and 
the clay mineralizing agent becomes unstable as hydroxyl groups are driven out of the clay 
structure during interaction with the waste [3]. Process gases, consisting mainly of steam, N2, 
CO, CO2, and H2 exit the DMR through the HTF which may also trap small mineral product 
particles called fines. The entire off-gas treatment system provides high-efficiency filtration and 
oxidation of any residual volatile organics and small amounts of carbon monoxide and hydrogen 
from the DMR. Some low levels of NOX, acid gases, and short-chained organics may also be 
present. These can be destroyed in the CRR.  
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Fig. 1. A flowsheet of FBSR waste form processing which includes the denitration and 
mineralizing reformer (DMR); product receiver, (PR); high temperature filter (HTF), carbon 
reduction reformer (CRR), off-gas filter (OGF) and a high-efficiency particulate air (HEPA) filter 
[3]. 
 
Waste form process monitoring and controls are necessary to obtain the desired mineral 
product. The proper amount of additives and operation in the proper REDuction/OXidation 
(REDOX) range ensure autocatalytic heating and pyrolysis. Control of the REDOX potential 
greatly influences the oxidation state of multivalent elements. Tc (or the Re surrogate) and I in 
the correct oxidation state are sequestered in sodalite cages while Cr is sequestered in iron 
oxide spinels. 
 
EXPERIMENTAL METHOD 
 
Materials 
 
Two granular FBSR product materials were used during testing. The first was the mineral 
product resulting from an Engineering Scale Technology Demonstration (ESTD) test completed 
in 2008 at the Hazen Research Facility in Golden, Colorado, USA using a non-radioactive 
Hanford LAW simulant [9]. This mineral product was produced as part of from the DOE 
Advanced Remediation Technologies (ART) test P1-B and will be referred to as P1BG1 
throughout the text. The material is a mixture of 20% PR and 80% HTF fines. A second granular 
material, referred to as BSRG1, is also a non-radioactive simulant that was chemically shimmed 
to resemble Hanford LAW. This material was produced at SRNL using the Bench-Scale 
Reformer (BSR).  

DMR

OGF

HTF

CRR

HEPA

Feed tank

Co-additives
Clay/coal

Stack FilterSuperheated Steam
(pyrolizes organics and 
catalyzes mineralization)

PR

Fluidized Bed Solids
(granular)

DISPOSAL AND/OR MONOLITHING

CO2, N2, H2O



WM2012 Conference, February 26-March 1, 2012, Phoenix, Arizona, USA 

4 
 

 
Preparation of the P1BG1 material involved wet sieving the received sample to +325 to -100 
mesh (0.044 - 0.149 µm) with high purity ethanol to remove adhering fines. The material was 
dried and placed in a furnace at 525°C for two hours to remove any residual coal remaining 
from production. The BSRG1 sample was prepared in a similar way, with the only difference 
being that the +200 to -100 mesh (0.074 – 0.149 µm) size fraction was used. The difference in 
size fraction used for testing between the two samples was a result of the fine-grained nature of 
the P1BG1 material, which consisted primarily of material (80%) from the HTF. 
 
Testing has been conducted on the P1BG1 and BSRG1 granular products using the single pass 
flow-through (SPFT) procedure. The SPFT method is an open system test at a constant 
temperature and known flow rate. The basic design of the SPFT system used during testing can 
be seen in Figure 2. A solution is passed through a reaction cell containing the sample and no 
recirculation of solution occurs. SPFTs are often used to measure the rate of matrix degradation 
of homogeneous nuclear waste glasses but, in this case, have been extended to characterize 
the FBSR and BSR materials as has been done previously [13]. Different flow rates were used 
to measure the release rate of Si as a function of the quotient of the flow rate, q, and the sample 
surface area, S. 
 
The SPFT experiments were conducted at 40°C and were continuously monitored using a 
digital thermocouple. Solutions were buffered using a solution of 0.05 M tris (hydroxymethyl) 
aminomethane adjusted to pH 9 using concentrated HNO3. Automated syringe pumps (Kloehn 
model 55022) transferred the liquid from the pH buffered solution equilibrated at reaction 
temperature into the Teflon Savillex PTFE reaction cell (60 mL). The fluid entered the cell 
through ingress ports and exited the cell through the egress ports located at the top of each 
reactor. The solution was collected at ambient temperature in vessels present outside of the 
oven. Each pump ran up to six reactors for periods ranging from 28 to 70 days with lower flow 
rates being run for longer periods. Solution blanks containing only the buffer solution were run at 
50 mL/d. Frequency of sample collection varied based on the flow rate. Most samplings were 
performed daily, though this changed to every third day for the lower flow rates (10 and 50 
mL/d). The pH was measured using an aliquot of the effluent. Another aliquot was acidified 
using 15.8 M grade nitric acid. The elemental concentration of the acidified aliquot was 
measured using inductively coupled plasma optical emission spectroscopy (ICP-OES). The 
sample masses and flow rates for each experiment is displayed in Table I. 
 
The goal of these tests is to measure the steady-state Si concentration which is given as the 
average concentration of Si at the outlet for the last three samplings. The average steady-state 
concentration is then used to calculate the corresponding dissolution rate, r (Equation 1)1.  
 

Si

Si

f
S

q
C

r


   (Eq. 1) 

Where CSi is the steady-state silicon concentration in the outlet solution in g/m3, q is the solution 
flow rate in m3/d, S is the surface area of the material available for corrosion in m2 and fSi is the 
mass fraction of silicon in the original FBSR material. Typical 2σ uncertainties for Si releases 
were on the order of ±40%. 
 

                                                            
1 Equation 1 is valid only when there is no measurable Si present in the inlet solution. 
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Despite these promising results, additional testing of the FBSR mineral product is needed if one 
is to compare the FBSR mineral durability studied over only 10 years to the glass waste forms 
whose durability have been studied for the past 30 years. Other remaining unresolved issues 
are the effects of using a monolith to encapsulate the granular waste form to conform to the 
Hanford site Integrated Disposal Facility (IDF) standards. Methods to consolidate the FBSR 
granular product into monolith waste forms are being investigated [10, 12]. Results of 7-day 
Product Consistency Tests (PCTs) conducted on monolithed samples can be seen elsewhere 
[8]. 
 
REFERENCES 

1. Mason, J.B., McKibbin, J., Ryan, K., & Schmoker, D. “Steam Reforming Technology for 
Denitration and Immobilization of DOE Tank Wastes,” Proceedings of Waste Management 
2003, Tucson, Arizona, February 2003  

2. Vora, V., Olson, A., Mason, B., Evans, B., & Ryan, K., “Steam Reforming Technology 
Demonstration for Conversion of Hanford LAW Tank Waste and LAW Recycle Waste into 
a Leach Resistant Alkali Aluminosilicate Waste Form,” Proceedings of Waste 
Management 2009, Phoenix, Arizona, March 2009 

3. Jantzen, C.M. “Mineralization of Radioactive Wastes by Fluidized Bed Steam Reforming 
(FBSR): Comparisons to Vitreous Waste Forms, and Pertinent Durability Testinf,”. WSRC-
STI-2008-00268, Savannah River National Laboratory, Aiken, South Carolina (2008). 

4. Marshall, D.W., Soelberg, N.R., & Shaber, K.M., “THOR® Bench-Scale Steam Reforming 
Demonstration,” INEEL/EXT-03-00437, Idaho National Engineering and Environmental 
Laboratory, Idaho Falls, Idaho (2003). 

5. Soelberg, N.R., Marshall, D.W., Bates, S.O., & Taylor, D.D., “Phase 2 THOR® Steam 
Reforming Tests for Sodium-Bearing Waste Treatment,” INEEL/EXT-04-01493, Idaho 
National Engineering and Environmental Laboratory, Idaho Falls, Idaho (2004).  

6. Soelberg, N.R., Marshall, D.W., Bates, S.O., & Siemer, D.D., “SRS Tank 48H Steam 
Reforming Proof-of-Concept Test Report,” INEEL/EXT-03-01118, Rev 1, Idaho National 
Engineering and Environmental Laboratory, Idaho Falls, Idaho (2004). 

7. Burket, P.R., Daniel, W.E., Nash, C.A., Jantzen, C.M. & Williams, M.R., “Bench-Scale 
Steam Reforming of Actual Tank 48H Waste,” SRNS-STI-2008-00105, Savannah River 
National Laboratory, Aiken, South Carolina (2008).  

8. Olson, A.L., Soelberg, N.R., Marshall, D.W., & Anderson, G.L., “Fluidized Bed Steam 
Reforming of INEEL SBW Using THOR® Mineralizing Technology,” INEEL/EXT-04-02564, 
Idaho National Engineering and Environmental Laboratory, Idaho Falls, Idaho (2004).  

9. TTT. (2009). Report for Treating Hanford LAW and WTP SW Simulants: Pilot Plant 
Mineralizing Flowsheet. RT-21-002, THOR Treatment Technologies, LLC, Denver, 
Colorado.  

10. Lorier, T.H., Pareizs, J.M., & Jantzen. C.M. (2005). Single-Pass Flow Through (SPFT) 
Testing of Fluidized-Bed Steam Reforming (FBSR) Waste Forms. WSRC-TR-2005-00124, 
Savannah River National Laboratory, Aiken, South Carolina.  

11. Icenhower, J.P. , McGrail, B.P., Shaw, W.J., Pierce, E.M., Nachimuthu, P., Shuh, D.K., 
Rodriguez, E.A., Steele, J.L. “Experimentally determined dissolution kinetics of Na-rich 
borsolicaate glass at far from equilibrium conditions: Implications for Transition State 
Theory,” Geochmica et Cosmochimica Acta 72, 2767-2788 (2008). 

12. Jantzen, C.M. (2007). Fluidized Bed Steam Reformer (FBSR) Monolith Formation, 
Proceedings of Waste Management 2007, Tucson, Arizona, March 2007.  

13. McGrail, B.P., Schaef, H.T., Martin, P.F., Bacon, D.H., Rodriguez, E.A., McCready, D.E., 
Primak, A.N., Orr, R.D. (2003) Initial Suitability Evaluation of Steam-Reformed Low Activity 



WM2012 Conference, February 26-March 1, 2012, Phoenix, Arizona, USA 

9 
 

Waste for Direct Land Disposal. PNWD-3288, Battelle, Pacific Northwest Division, 
Richland, Washington.  
 

ACKNOWLEDGEMENTS 
 

The authors would like to thank Carol Jantzen and the team of scientists at SRNL, Eric Pierce of 
ORNL, David Swanberg of WRPS for their continuous help and participation in discussions 
about this research work. We would also like to thank the team of scientists at SRNL for 
providing the materials used for testing. 


