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ABSTRACT 

The Advanced Fuel Cycle Initiative program is conducting research on aqueous separations 
processes for the nuclear fuel cycle.  This research includes development of solvent extraction 
processes for the separation of cesium and strontium from dissolved spent nuclear fuel solutions 
to reduce the short-term decay heat load.  The cesium/strontium strip solution from candidate 
separation processes will require treatment and solidification for managed storage.  Steam 
reforming is currently being investigated for stabilization of these streams because it can 
potentially destroy the nitrates and organics present in these aqueous, nitrate-bearing solutions, 
while converting the cesium and strontium into leach-resistant aluminosilicate minerals, such as 
pollucite.  These ongoing experimental studies are being conducted to evaluate the effectiveness 
of steam reforming for this application.   

INTRODUCTION

The Advanced Fuel Cycle Initiative (AFCI) program is conducting research on aqueous 
separations processes for the nuclear fuel cycle. This research includes development of solvent 
extraction processes for the separation of cesium (Cs) and strontium (Sr) from dissolved spent 
nuclear fuel solutions to reduce the short-term decay heat load. The Cs/Sr strip solution from 
candidate separation processes will require treatment and solidification for managed storage. In 
fiscal year 2004, an Engineered Product Activity Team was formed from a subset of the 
members of the AFCI Separations Working Group. This team identified the preferred storage 
forms and vehicles for the Cs/Sr waste stream arising from the treatment of spent fuel. For the 
Cs/Sr stream, encapsulation in borosilicate glass, similar to that used for high level waste, was 
considered a baseline against which other storage forms are judged. Steam reforming was a 
Cs/Sr solidification processes recommended for further study.   

Investigation into the use of steam reforming for this application was initiated in FY-05.  The 
objectives of this testing include: 

Convert the Cs/Sr strip product solutions to a solid form 

Destroy the organics and nitrates present in the strip solutions 

Retain the Cs and Sr in the solid waste form (i.e., do not volatilize Cs) 

Form a leach resistant aluminosilicate product. 

Formation of a mineralized product is a target, but may not be required, since the storage 
requirements for this waste are uncertain at this time.  This waste will be contained in a canister 
and stored for 200-300 years during which time the Cs/Sr will decay to levels which will allow 
the waste to be classified as low-level.  A leach resistant waste form will not necessarily be 
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required for this decay storage since the waste form is contained in the sealed canister.  If a leach 
resistant product is required and a mineralized aluminosilicate product is not completely formed 
the solid Cs/Sr product can be incorporated into a leach resistant grout. 

EXPERIMENTAL EQUIPMENT AND CHEMISTRY 
Steam reforming was developed over the past 20 years for reforming nitrate and organic 
constituents that often occur in radioactive waste solutions.  In an oxygen-deficient environment, 
nitrates can be reduced to nitrogen by a reducing agent, such as carbon or hydrogen.  Similarly, 
organic solvents can be reformed and oxidized by nitrates and radicals produced by chain 
reactions involving hydrogen, and hydroxyl radicals produced from dissociation of super-critical 
steam and subsequent oxy-reduction chain reactions.   

A small, 7.5 cm diameter, bench-scale fluidized-bed enclosed vessel was used to conduct the 
steam reforming tests (Figure 1). The test system can achieve the thermal and temporal 
conditions required to produce a mineralized granular product. The system can match the solid-
liquid-gas reaction time scales and governing mechanisms and phenomena of larger pilot scale 
systems. The choice of process unit selected for steam reforming can have a significant impact 
on the final product due to mixing, mass-transfer, and heat-transfer effects.  In a batch (i.e., 
crucible container) or rotary process, solid-state reactions are impacted by solids mixing, gas 
diffusion through the solid matrix and pore space, and heat-transfer limitations.  Heat transfer is 
impeded by the solid mass, which can result in incomplete mineralization of the dry solid salts.
Additionally, rotary and fixed-bed processes are not amenable to highly radioactive wastes due 
to mechanical reliability and solid phase plugging. 

A fluidized-bed process is preferred when; 1) the feed solution can be atomized and sprayed into 
the hot bed of particles, 2) the bed temperature can be held below the solids fusion and melting 
point of solid oxides, but above the critical decomposition temperature of alkali nitrates and 
hydroxide compounds.  Fluidized-beds exhibit high particle-particle and particle-gas heat 
transfer.  Gas mixing and diffusion to the particle surface effectively promotes volatilization and 
the heterogeneous gas-solid reactions that are key to waste reforming destruction of organics and 
nitrates in the final product.  The main limitation to fluidized-bed steam reforming is preventing 
flash evaporation and surface film boiling due to the high temperatures required to mineralize the 
solids.
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Figure 1.  Schematic of Steam Reforming Experimental Equipment 

EXPERIMENTAL CONDITIONS 

Two processes are being developed for the separation of Cs and Sr from spent nuclear fuel: the 
chlorinated cobalt dicarbollide and polyethylene glycol (CCD/PEG) process and the Fission 
Product Extraction (FPEX) process. There are two potential strip feed compositions for the 
CCD/PEG process which will result in two very different feed compositions to a Cs/Sr 
solidification process; 1) guanidine carbonate/diethylenetriaminepentaacetic acid (DTPA) and 2) 
methylamine carbonate (MAC)/DTPA.  The FPEX process uses dilute nitric acid (0.01 M) to 
strip the extracted Cs and Sr from the solvent. The estimated composition of the solidification 
process feeds are summarized in Table I.  
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Table I. Estimated composition of Cs/Sr solidification feed streams. 

Component CCD/PEG Feed 1 CCD/PEG Feed 2 FPEX Feed 3 

Guanidine carbonate (g/L) 100 --- --- 

DTPA (g/L) 20 60 --- 

Methylamine carbonate (M) --- 0.5 --- 

Nitric acid (M) --- --- 0.04 

Cesium (g/L) 0.30 1.2 0.60 

Strontium (g/L) 0.10 0.4 0.20 

The most important parameters in the steam reforming tests include: 

Bed Temperature 

Concentration of the clay mineralizing additive in the Feed 

Starting bed material 

Feed Rates 

Composition of reforming gas 

Need for other additives

For the tests conducted in FY-05, one basic test condition (bed temperature, clay concentration, 
starting bed, and reforming gas composition) was focused on for the three different feeds.   

For these tests, the average reactor operating temperature target of  700°C was achieved, which 
is well into the “intermediate” to “hot” combustion gas reaction temperature regime.   

To produce pollucite and other alumino-silicate minerals, sagger clay was slurried with the feed. 
Due to mass transfer and solid diffusion limits on the clay particles, excess clay is required to 
mineralize the cationic feed constituents. The amount of clay added for these tests was 200% of 
stoichiometric to attempt complete mineralization of the feed. The clay particles are less than 10 

m to achieve a high surface area for reaction and are suspended in the liquid feed. 

 A starting bed of 100-300 micron aluminum oxide particles and feed rates of 6-8 ml/min were 
used.  No other bed or feed additives were used.

The fluidizing gas composition (dry) was held on the lean limit of flammability for the present 
studies (3.75% H2, 4.98% CO, balance CO2). Hence, the bulk gas composition is representative 
of a dilute steam reformate gas, but contains sufficient reducing species (CO and H2) to destroy 
the nitrates, while producing sufficient radicals. Steam was mixed with the fluidizing gas to 
produce a gas stream that is around 25 vol% H2O.

In some steam reforming applications, carbon is added to the bed to produce a reductant for 
nitrates. Carbon was not required in these tests since the reducing conditions were achieved with 
the fluidizing gas mixture.  In addition, Feed 1 and Feed 2 already contain significant levels of 
hydrocarbons and amine-type groups that will serve as reductants for the nitrates in the feed, viz 



WM’06 Conference, February 26-March 2, 2006, Tucson, AZ 

Guanidine Carbonate—(H2NC(=NH)NH2)2 H2CO3

DTPA—((HOOCCH2)2NCH2CH2)2NCH2COOH 
MAC—(CH3NH3)CO3 and similar carbonate and bi-carbonate ion pairs. 

The operating conditions for the various tests completed are summarized in Table II.  This table 
shows some variation in the fluidizing gas rate due to operational problems.  The same basic test 
conditions were used twice on Feed #1 and once on Feed #2.  Three runs were completed on 
Feed #3 using the same basic conditions to make more product material for analysis. 

Table II. Operating Conditions for the FY-05 Cs and Sr Strip Product Steam Reforming Test. 

Parameter Feed #1, 
Run #1 

Feed #1, 
Run #2 

Feed #2, 
Run #1 

Feed #3,
Run #1 

Feed #3,
Run #2 

Feed #3, 
Run #3 

Flowrate Target (slm) 9  16 16 12 16 16 

Actual Flowrate (slm) 0-9 8-15 10-16 0-12 11-16 8-18 

Approximate 
Composition 68.4 % CO2, 3.8% CO, 2.8% H2, 25.0% H2O

Fluidizing
Gas

Water Addition 
(mL/min) 2.25 3 4 3 3.7 3.7 

Target Slurry Feed 
Rate (mL/min) 8 6 6 8 6 6 

Clay Addition (g/l) 4.3  4.3 11.43 8.6 8.6 8.6 Feed,
Additives

Total Feed Added 
(ml) 200 1440 750 1820 500 2000 

Bed temperature (oC) 550-600 670-716 700-723 675-728 650-710 670-719 
Bed
Parameters Starting bed volume 

(ml) 350 350 350 350 350* ** 

Slurry Nozzle 
Atomizing Ratio 
(NAR)

500 600 700 500 1000*** 1000***

Atomizing N2 rate 
target (slm) 4 3.6 4.2 4 6 6 

Atomizing 
Gas

Composition 91.25 % CO2, 5.0% CO, 3.75% H2

*270 ml from F3R1 plus 80 ml new aluminum oxide. 
** Continued with same bed left after F3R2. 
***Different nozzle/aircap resulted in higher NAR needed. 
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RESULTS TO DATE 

Condensate Analysis 

The off-gas was routed through a condenser to remove the moisture prior to discharge into the 
hood. The resulting solution was collected for each run and analyzed for pH, Cs content and Sr 
content (Table III). These results indicate that very little of the Cs and Sr are volatilized as the 
concentration in the condensate is very low when compared to that of the feed solution.  Thus, 
steam reforming achieved one of the major goals of making a solid product with no significant 
volatilization of Cs. 

Table III. Concentration of Cs and Sr in the Condensate. 
Condensate Feed 

Run pH
Cs

(ppm) 
Sr

(ppm) 
Cs

(ppm) 
Sr

(ppm) 

F1R1 8 0.004 0.008 299.2 101.5 

F1R2 8 0.113 0.001 299.2 101.5 

F2R1 8-9 0.012 0.001 1277.3 403.3 

F3R1 7 0.030 0.001 550.6 198.4 

F3R3 7 0.011 0.000 550.6 198.4 

Product Appearance 

The main solid products from these experiments were the bed material, deposits that formed in 
the reactor on or across from the nozzle, and fines from the off-gas/blowback filters. The final 
bed material in each run was generally a granular material much like the initial aluminum oxide 
starting bed with some additional smaller diameter solids (Figure 2).  Each run had some amount 
of nozzle deposits indicating buildup of the dried feed material on the nozzle, the cartridge heater, 
and the opposite vessel wall (right side of Figure 2). The deposits ranged from 5 grams to several 
hundred grams.  The sizes of the deposits appear to be greater in the runs where there was more 
difficulty in keeping the bed fluidized.  Scanning Electron Microscope (SEM) analyses of the 
deposits show particles stacked together which are even smaller than the size of the 10 micron 
clay particles used.  Fines were recovered from the off-gas filter and blowback filter on several 
of the runs.  The fines generally consisted of very small (< 1 micron) particles.  

SEM analyses of the bed material indicate the similarity to the starting bed and show that the 
feed solutions are not satisfactorily building on the aluminum oxide bed.  The short droplet life 
in the reactor and the high temperature of the particles attributes to the excessive formation of 
fines instead of the desired mineral growth on the surface of the bed particles.  The theoretical 
extinction time for a droplet of water in a humid nitrogen gas stream at 600°C and 700°C, 
respectively is only about 18 msec.  The calculated droplet life accounts for particle heating by 
conduction to the droplet, assuming that the velocity of the droplet is equivalent to the velocity 
of the surrounding gas.  This assumption is a reasonable approximation for droplets that are 
atomized by the co-flowing atomizing gas.  Deposition of the spray droplets on the bed particles 
is influenced by the Leidenfrost phenomenon in which the droplet does not spread over the 
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particle surface before evaporating but is supported above the particle surface by a layer of vapor 
caused by the high evaporation rate of the droplet.   Future work will attempt to reduce this affect 
by increasing feed droplet size, changing bed materials to one with a lower heat capacity and 
possibly lowering the bed temperature while feeding. 

Figure 2. Bed material and nozzle deposit formed during operation with the MAC/DTPA feed.. 

Product Analysis 

The bed, nozzle deposit and fines were analyzed by several methods.  The x-ray diffraction and 
SEM analyses were not conclusive in determining the form of the Cs and Sr in the solids formed 
due to the low concentrations present.  To determine what percent of the total Cs and Sr in the 
bed and deposits was present as a water-soluble compound (i.e., most likely an oxide), a two 
gram sample of the bed and deposit material was contacted with 10 mL water at room 
temperature. The supernate from this process was analyzed for Cs and Sr by inductively coupled 
plasma-mass spectroscopy (ICP-MS).  The remaining solids were subjected to aqua regia 
digestion or fusion and the resulting solution analyzed by ICP-MS.  Results from the analysis on 
the nozzle products are shown in Figures 3 and 4. The analyses from the nozzle deposits is used 
as the most representative due to the lack of deposition of the feed material on the aluminum 
oxide bed.  However, for Feed 2 the bed analysis results are used because very little nozzle 
deposit was formed.  These results indicate the Sr is essentially all in a mineralized form for the 
guanidine carbonate and nitric acid feeds and is 90% mineralized for the MAC/DTPA feed.  The 
Cs is 86% mineralized for the guanidine carbonate feed, 78% for the MAC/DTPA feed and 97% 
for the nitric acid feed.  These results are promising as optimization of the steam reforming 
operations has not yet been completed.  It is anticipated that 100% mineralization of all feeds 
will be possible as the operating parameters (temperature, clay concentration, feed rates, gas 
composition, etc) are optimized.   
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Figure 3. Percent of Cs present as a mineralized product versus a soluble product. 

Figure 4.  Percent of Sr present as a mineralized product versus a soluble product. 
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CONCLUSION 

Investigation into the use of steam reforming for this application was initiated in FY-05.  The 
objectives of this testing include: 

Convert the Cs/Sr strip product solutions to a solid form 

Destroy the organics and nitrates present in the strip solutions 

Retain the Cs and Sr in the solid waste form (i.e., do not volatilize Cs) 

Form a leach resistant aluminosilicate product. 

The FY-05 testing successfully converted all three Cs/Sr strip products to a solid form without 
volatilizing the Cs.  Results also indicate that with optimization of the steam reforming operating 
parameters that 100% mineralization is possible.

In FY-06, optimization of these operating parameters will continue including varying 
temperatures, feed rates, and clay concentrations, etc.  The off-gas will also be analyzed for 
nitrous oxides and total unburned hydrocarbons, and the solids analyzed for unburned 
hydrocarbons to determine the completeness of the reactions.  

ACKNOWLEDGMENTS 

This work was carried out under the auspices and financial support of the U. S. Department of 
Energy, Office of Nuclear Energy, Science and Technology through contract DE-AC07-
05ID14517.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


